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SUMMARY 

The Applicat ions Technology S a t e l l i t e s ,  ATS-1 and ATS-3, of t h e  Nat ional  
Aeronautics and Space Adminis t ra t ion were used t o  test  t h e  f e a s i b i l i t y  of 
ranging and p o s i t i o n  f ix ing  from synchronous sa te l l i t es  t o  small  mobile termi- 
n a l s  a t  VHF rad io  frequencies .  The range measurements were made wi th  a simple 
"tone-code" technique t h a t  proved t o  be e f f i c i e n t  i n  t h e  use  of s a t e l l i t e  
energy and compatible wi th  present  ly-used mobile communicat ion  equipment and 
bandwidth a l loca t ions .  

Five veh ic l e s  were used i n  t h e  tes ts :  two a i r c r a f t ,  a DC-6B and a KC-135 
of t h e  Federa l  Aviat ion Adminis t ra t ion;  a Coast Guard Cu t t e r  i n  t h e  Gulf of 
Mexico; a buoy moored i n  deep water o f f  Bermuda; and a panel  t ruck  i n  u p s t a t e  
New York. Each was equipped with convent ional  mobile communications t ransmi t -  
ters ,  receivers and antennas with a 6 inch by 8 inch by 10 inch, 6 pound ex- 
per imental  tone-code "responder1' u n i t  a t t ached  between t h e  r ece ive r  and t r a n s -  
m i t t  er. 

When a v e h i c l e  was t o  be located,  a ground s t a t i o n  t ransmi t ted  a 0 ,43  
second tone-code s i g n a l  t o  one of t h e  s a t e l l i t e s ,  t h e  " i n t e r r o g a t i n g  sa te l -  
l i t e" ,  u sua l ly  ATS-3. The s i g n a l  cons i s t ed  of a 2,4414 kHz tone bu r s t  f o l -  
lowed by t h e  ind iv idua l  u s e r  address  formed by suppressing an audio cyc le  f o r  
a d i g i t a l  "zero" and t r ansmi t t i ng  an  audio cyc le  f o r  a d i g i t a l  "one". The 
tone-code s i g n a l  w a s  frequency modulated on a 149-22 MHz carrier wi th  a narrow 
devia t ion  so t h a t  t h e  RF bandwidth w a s  w i th in  t h e  15 MIz bandwidth of t h e  
mobile receivers. 

The s a t e l l i t e  repea ted  t h e  s i g n a l  on 135.6 MHz, A l l  of t h e  a c t i v a t e d  
veh ic l e  equipments received t h e  s igna l ,  and each matched t h e  phase of a l o c a l l y  
generated audio tone t o  t h e  received tone  phase. 
dressed responded wi th  a shor t  burs t  of i t s  properly phased l o c a l l y  generated 
tone  followed by i t s  address  code, introducing a very p r e c i s e l y  known t i m e  
delay between recept ion  and re t ransmiss ion  of t h e  code. The v e h i c l e  response 
on 149.22 MHz w a s  through a broad beamwidth antenna, I f  both s a t e l l i t e s  were 
i n  range of t h e  veh ic l e ,  t hey  both repeated it  on 135.6 MHz. 

The one veh ic l e  t h a t  w a s  ad- 

The ground s t a t i o n  received t h e  r e t u r n s  from t h e  two satel l i tes  separa te ly  
with narrow beamwidth antennas,  It measured t h e  t i m e  i n t e r v a l  from i t s  i n i t i a l  
t ransmission of t h e  s i g n a l  t o  t h e  f i r s t  r e t u r n  from t h e  in t e r roga t ing  s a t e l l i t e  
and t o  t h e  two r e tu rns  from t h e  s a t e l l i t e s  as they  were relayed back from t h e  
user .  From t h e s e  measurements t h e  ranges from'the two known pos i t i ons  of t h e  
s a t e l l i t e s  t o  t h e  veh ic l e  were determined, 
a l t i t u d e  and co r rec t ions  f o r  ionospheric  delay,  w e r e  used t o  compute t h e  vehi-  
c le  loca t ion .  
computed and a f i x  def ined as t h e  c ros s ing  of t h e  l i n e  with l a t i t u d e  o r  longi-  
tude  of t h e  veh ic l e  determined by o the r  means,, 

These ranges,  t oge the r  with veh ic l e  

When only one s a t e l l i t e  w a s  i n  range, a l i n e  of p o s i t i o n  w a s  

The t i m e  requi red  f o r  t h e  i n t e r r o g a t i o n  and response w a s  less than  one 
second except when a da ta  t ransmiss ion  w a s  included wi th  t h e  use r  response,  o r  
f o r  t h e  a i r c r a f t ,  t h e  equipment requi red  a longer t i m e  t o  switch from rece ive  
t o  t ransmi t .  
though a once-per-second rate w a s  demonstrated, 

The usua l  i n t e r r o g a t i o n  rate w a s  once every t h r e e  seconds, a l -  

The Sea Robin buoy, i n  a General E lec t r i c -Of f i ce  of Naval Research exper i -  
ment, w a s  moored with a 7,000 foot  l i n e  about 6 m i l e s  south of  Bermuda where 
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t h e  water depth i s  4,200 f ee t .  
1969. During t h a t  per iod,  i q  was in t e r roga ted  many t i m e s ,  a t  a l l  hours of 
t h e  day and night .  Nearly a l l  of t h e  l i n e s  of p o s i t i o n  determined from t h e  
range measurements were wi th in  1 1 / 2  miles  of t h e  mooring l a t i t u d e .  
computed r e s u l t s  would probably have been even c l o s e r  i f  a b e t t e r  desc r ip t ion  
of t h e  ionosphere had been used. 
as long as two weeks. No adjustment w a s  made t o  t h e  ranging equipment 

It was a t  i t s  mooring during A p r i l  and May of 

The 

The buoy operated unattended f o r  a per iod 
- 

throughout t h e  e n t i r e  period; and t h e r e  w a s  
i b r a t  ion. 

The responses from t h e  buoy included a 
readings.  The 4 i g i t a l  data ,  usua l ly  fzt 305 
a t  2441.4 b i t s  per  second, was clocked from 
code. responder, 

The Coast Guard Cu t t e r  Val iant ,  i n  t h e  

- - -  
no d i sce rn ib l e  change i n  i t s  c a l -  

data t ransmission of sensor  
b i t s  per  second, but occasional ly  
t h e  l o c a l  generatpr  of t h e  twe-  

Gulf of Mexico, was in t e r roga ted  
while i n  por t  and a t  sea,  
ca t ions  through t h e  s a t e l l i t e  using t h e  conventional mobile rece iver  and 
t r a n s m i t t e r  of t h e  ranging experiment. Responses were through both satel- 
l i t e s ,  but because of a f a i l u r e  of an SHF antenna on ATS-3 NASA could not 
provide accura te  pos ic ion  information f o r  t h e  s a t e l l i t e .  The p rec i s ion  of 
t h e  f ixes  w a s  determined, an4 faun$ t o  be much b e t t e r  than  2 1 n a u t i c a l  m i l e ,  
1 sigma, when t h e  antenna on t h e  sh ip  was i n  c l e a r  view of t h e  s a t e l l i t e s .  
A t  c e r t a i n  sh ip  beadings, it was obstructed by t h e  mast or  o ther  s t ruc tu res .  
When t h e  antenna was Obstructed, t h e  s i g n a l  l e v e l  received from t h e  s a t e l l i t e  
decreased, sometimes r e s u l t i n g  i n  a response t h a t  was s l i g h t l y  e a r l y  o r  l a t e ,  
adding o r  sub t r ac t ing  equal ly  from t h e  t w o - s a t e l l i t e  range measurements and 
d isp lac ing  t h e  f i x  along a hyperbol ic  l i n e  of pos i t i on .  

The experiment was coordinated by voice communi- 

The DC-6B four-engine propel le r -dr iven  a i r c r a f t  was equipped with a 
Dorne and Margolin Satcom antenna a s  w e l l  a s  a conventionaJ VHF blade antenna. 
The SatcQm antenna i s  c i r c u l a r l y  polar ized ,  and has t w p  modes of operaFion. 
The "azimuth" o r  "hgrizon" mode has a maximurn ga ip  pf  approximqtely 3 dB, 
with a coverage from approximately 10 degrees t o  40 degrees above t h e  horizon. 
The "zenjth" mode, a l s o  approximately 3 dB maximum gain,provides coverage 
above 40 degrees e leva t ion .  Both modes a r e  e s s e n t i a l l y  non-d i rec t iona l  i n  
azimuth. The DC-6B was flown over t h e  ocean o f f  t h e  New Je rsey  coas t ,  and 
a l s o  over land. 
including a f l i g h t  over Lake Michigan. While over t h e  midwest, range measure- 
ments were made from both s a t e l l i t e s .  P o s i t i o n  f i x e s  agreed with Vortac f i x e s  
wi th in  3 m i l e s  over land and over water. Vortac i s  a l i ne -o f - s igh t ,  VHF rad io  
navigat ion a i d  by which a i r c r a f t  determine t h e i r  azimuth and d i s t ance  from a 
ground-based s t a t i o n .  It i s  used rou t ine ly ,  and hundreds of Vortac s t a t i o n s  
provide near ly  f u l l  coverage over t h e  United S t a t e s  and many o ther  land a reas  
of t h e  world. While Vortac was t h e  most accura te  means ava i l ab le  during t h a t  
f l i g h t ,  it i s  not t o  be construed a s  a s tandard of comparison f o r  t h e  per -  
formance of t h e  s a t e l l i t e  l oca t ion  technique, The p rec i s ion  of f i x e s ,  i n -  
c luding f l i g h t  over land and water a t  21,000 f e e t ,  was t y p i f i e d  by a sample 
of seventy-four t w o - s a t e l l i t e  measurements. A l l  but four  of t h e  f i x e s  were 
wi th in  1 n a u t i c a l  mile of a mean pos i t i on .  The l a r g e s t  devia t ion  i n  t h e  
sample was 1.9 miles from t h e  mean. 

Two f l i g h t s  were made over t h e  midwestern United States, 

The KC-135 j e t  a i r c r a f t  was in t e r roga ted  while i n  t h e  v i c i n i t y  of Iceland,  
a t  an a l t i t u d e  of 39,000 f e e t .  Standard. devia t ion  of t h e  l i n e s  of p o s i t i o n  was 
approximately f 1 n a u t i c a l  m i l e ,  when using a VHF quarter-wave ve r t i ca1"b lade"  
antenna. Ind iv idua l  measurement displacements a s  l a r g e  as 2 miles  toward t h e  
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s u b s a t e l l i t e  po in t ,  and 4 m i l e s  away from t h e  s u b s a t e l l i t e  point  were observed, 
probably due t o  multipath.  
observed i n  t h e  e n t i r e  experiment. 

This was t h e  poorest  l i ne -o f -pos i t  ion p r e c i s i o n  

A mathematical ana lys i s  was used t o  p red ic t  t h e  e f f e c t s  of multipath.  
The experimental  r e s u l t s  appear t o  confirm t h e  ana lys i s .  A t  5,000 f e e t ,  o f f  
t h e  New Je rsey  Coast, us ing a Satcom antenna i n  t h e  zeni th  mode, t h e  s tandard 
devia t ion  of range measurements was 2 , l  microseconds, o r  approximately 1,000 
f e e t .  A t  20,000 f e e t ,  wi th  t h e  same antenna, t h e  s tandard devia t ion  was 3.0 
microseconds o r  15,000 f e e t ,  Over t h e  North At l an t i c ,  using a VHF blade an- 
tenna, a t  39,000 f e e t ,  t h e  s tandard devia t ion  w a s  between 8 and 11 microseconds, 
4,000 t o  5,500 f ee t .  
ana lys i s ,  suggesting t h a t  t h e  average of many range measurements approaches 
zerc; e r ro r .  Multipath can cause lo s s  of s igna l  f o r  a sur face  c r a f t ,  but it 
cannot introduce s i g n i f i c a n t  range e r r o r s ,  

The d i s t r i b u t i o n  of e r r o r s  w a s  a s  expected from t h e  

The Ford Econoline van was equipped with a mobile radio,  as used i n  
po l i ce  c a r s  and t a x i  cabs, Separate  rece ive  and t ransmit  d ipole  antennas 
were used, Range measurements were made t o  t h e  veh ic l e  a s  it was dr iven  along 
roads i n  t h e  v i c i n i t y  of Schenectady, N e w  York. Lines of pos i t i on  were com- 
puted and t h e  measured l a t i t u d e s  were compared with t h e  l a t i t u d e s  of t h e  van 
as determined from t h e  topographic map. Including b i a s  e r r o r ,  t h e  l a t i t u d e s  
were co r rec t  wi th in  approximately one mile ,  

Range measurements were made on near ly  every in t e r roga t ion  when t h e  mo- 
b i l e  c r a f t  antenna ga in  toward t h e  s a t e l l i t e  was b e t t e r  than  approximately 
0 dB, t h e  l i n k s  were not degraded by Faraday r o t a t i o n ,  t h e  veh ic l e  r ece ive r  
no ise  f igu re  was approximately 3,O dB, and t h e  veh ic l e  t r a n s m i t t e r  power was 
approximately 100 wat ts .  Faraday r o t a t i o n  and low veh ic l e  antenna gain f r e -  
quently caused a l a r g e r  percentage of unsuccessful  i n t e r roga t ions  than  would 
be acceptable  i n  an opera t iona l  system, 

The t e s t  r e s u l t s  i n d i c a t e  t h a t  an  accuracy b e t t e r  than  & 1 n a u t i c a l  m i l e ,  
1 sigma, f o r  sh ips  and approximately & 1 n a u t i c a l  mile,  1 sigma, f o r  a i r c r a f t  
can be achieved a t  VHF. To achieve t h a t  accuracy, it w i l l  be necessary t o  em- 
ploy c a l i b r a t i o n  t ransponders  a t  f ixed,  known loca t ions  with approximately 
600 mile  spacing and in t e r roga te  each one a few times per  hour t o  determine 
range measurement cor rec t ions .  It i s  recommended t h a t  c a l i b r a t i o n  of veh ic l e  
equipment t i m e  delay be accomplished a t  t h e  ground te rmina l  by in t e r roga t ing  
each c r a f t  when it i s  a t  some known loca t ion .  The t i m e  delay c a l i b r a t i o n  i s  
then  s to red  i n  t h e  computer with t h e  veh ic l e  address.  It w i l l  be necessary 
t o  employ a i r c r a f t  antennas t h a t  d i scr imina te  aga ins t  sea r e f l e c t  ions,  s o  
t h a t  t h e  r e f l e c t e d  s i g n a l  i s  more than 10 dB below t h e  d i r e c t  s i g n a l ,  
of c i r c u l a r  p o l a r i z a t i o n  f o r  t h e  s a t e l l i t e  and a i r c r a f t  antennas i s  recommended. 

The use 

The experiment included a t e s t  of t h e  General E l e c t r i c  Low Energy Speech 
Transmission technique by r e l ay  through t h e  ATS-1 s a t e l l i t e .  It w a s  necessary 
t o  s u b s t i t u t e  a frequency s h i f t  waveform f o r  t h e  des i red  amplitude modulation 
s o  t h a t  t h e  energy saving w a s  not d i r e c t l y  demonstrated, Although t h e  s i g n a l  
path was poor, with amplitude s c i n t i l l a t i o n  of t h e  s igna l s ,  t h e  i n t e l l i g i b i l i t y  
score on spondaic words exceeded 90 percent  f o r  a group of un t ra ined  l i s t e n e r s .  
Spondaic words a r e  two-syl lable  words wi th  equal emphasis on t h e  two s y l l a b l e s .  
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SECTION l INTRODUCTION 

A growing population and a growing economy i n  t h e  United S t a t e s  and 
throughout t h e  world a r e  causing g rea t ly  increased t r a v e l  and shipping f o r  
commercial, p leasure and m i l i t a r y  purposes. Technological developments a r e  
increasing t h e  already wide range of speed, s i z e  and maneuverability of t h e  
sh ips  and a i rp l anes  t h a t  must share t h e  sur face  and a i r  space. It i s  evident 
t h a t  t h e r e  would be grea t  value i n  a s i n g l e  world-wide fu l l - t ime system t h a t  
combines t h e  functions of accura te  frequent pos i t i on  f ix ing  with t h e  cur ren t  
pos i t i ons  simultaneously ava i l ab le  ashore and a c a p a b i l i t y  f o r  communication 
of e s s e n t i a l  information between t r a f f i c  advisory and cont ro l  cen ters  and 
t h e  c r a f t  t h a t  a r e  enroute,  (1) 

The Applications Technology S a t e l l i t e s ,  ATS-1 and ATS-3, of t h e  National 
Aeronautics and Space Administration were used i n  a s e r i e s  of t e s t s  t o  de t e r -  
mine t h e  usefulness  of W F  f o r  loca t ing  mobile vehic les  by range measurements 
from s a t e l l i t e s .  The s p e c i f i c  ob jec t ives  of t h e  experimental program con- 
ducted by t h e  General E l e c t r i c  Company f o r  NASA under cont rac t  NAS5-11634 were 
a s  fo l lows:  

1. Demonstrate t h e  f e a s i b i l i t y  of ranging and pos i t i on  f ix ing  from synchro- 
nous s a t e l l i t e s  t o  small mobile terminals  a t  W F  rad io  frequencies.  It was 
expected t h a t  t h e  experiment would demonstrate pos i t i on  f ix ing  accuracies  
adequate f o r  t ransoceanic  a i r  t r a f f i c  con t ro l ,  

2. Demonstrate t h e  advantages of a tone-code (pulse  t r a i n )  ranging technique 
t h a t  o f f e r s  promise of t h e  highly e f f i c i e n t  use of s a t e l l i t e  energy i n  simple 
implementation t h a t  i s  compatible with present ly  used comunica t ion  equipment. 
I n  operation, t h e  system would be e a s i l y  r e t r o f i t t e d  i n  ex i s t ing  a i r c r a f t .  

3. Obtain da ta  over a l a rge  geographical region a t  var ious times of t h e  day, 
t o  i nd ica t e  t h e  va r i a t ions  i n  ranging and pos i t i on  f ix ing  accuracies  caused 
by loca t ion  and t i m e  of day. 

4. 
(L.E.S.T.) technique. I n  an opera t iona l  system, t h i s  technique would be com- 
p a t i b l e  with tone-code ranging i n  such a way t h a t  t h e  pulsed voice transmis- 
s ions could be used i n  t h e  range measuring process,  

Demonstrate t h e  General E l e c t r i c  Company's Low Energy Speech Transmission 

NASA's Applications Technology S a t e l l i t e s  have shown t h e  f e a s i b i l i t y  of 
voice communications between a i r c r a f t  and ground terminals .  A i r l i nes  t h a t  f l y  
t ransoceanic  routes  desire t o  replace t h e i r  inadequate HF voice communication 
l i nks  with t h e  f a r  more r e l i a b l e  s a t e l l i t e  l inks .  It i s  general ly  agreed t h a t  
a s a t e l l i t e  system should a l s o  provide surve i l lance  of a i r c r a f t  pos i t i ons  f o r  
a i r  t r a f f i c  con t ro l  over t h e  oceans? so  t h a t  l a t e r a l  spacings between t h e  
t ransoceanic  rou te s -can  be reduced and economy of operat ions improved. An 
e a r l y  implementation of an aeronaut ica l  s a t e l l i t e  system would have t o  be ac- 
complished a t  WF. When s u i t a b l e  a i r c r a f t  antennas and other  avionics  equip- 
ment have been developed, t h e  L-band frequencies,  1540 t o  1660 MHz, w i l l  o f f e r  
t h e  p o s s i b i l i t y  fo r  improved performance, 

It i s  widely recognized t h a t  t h e  maritime serv ices  would benef i t  from i m -  
provements i n  communications, rad io  navigat ion and rad io  loca t ion  t h a t  could 
be provided by t h e  use of s a t e l l i t e s .  T r a f f i c  con t ro l  of sh ips  i n  confluence 
a reas  could reduce t h e  number of ship c o l l i s i o n s  and improved pos i t i on  f ix ing  
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could reduce t h e  number of groundings. 
s u l t  i n  s u b s t a n t i a l  savings.  

Weather rou t ing  of ships  could r e -  

S a t e l l i t e s  may be u s e f u l  f o r  data readout and l o c a t i o n  of remote un- 
manned sensors  such a s  oceanographic buoys. 
t e s t e d  i n  p a r a l l e l  with t h e  NASA con t r ac t  under Navy con t r ac t  N00014-68-C0467. 
I n i t i a l  r e s u l t s  of t h e  buoy experiment are included i n  t h i s  report .  

Buoy l o c a t i o n  and readout were 

There has  been a lack  of agreement concerning t h e  usefu lness  of VHF f o r  
p o s i t i o n  determination. 
experiment was t o  provide d e f i n i t i v e  da t a  f o r  t h e  r e s o l u t i o n  of t h i s  question. 
One purpose of t h i s  r epor t  i s  t o  present  information t h a t  w i l l  a i d  i n  t h e  
determination of t h e  f e a s i b i l i t y  of us ing  s a t e l l i t e s  i n  r ad io  naviga t ion  and 
ri;dio l o c a t i o n  systems and provide t h e  b a s i s  f o r  es t imat ing  performance and 
cost  of such systems. 

A major o b j e c t i v e  of t h e  ranging and p o s i t i o n  f i x i n g  

The experiment d id  not demonstrate an  ope ra t iona l  c a p a b i l i t y  f o r  VHF 
s a t e l l i t e  p o s i t i o n  f ix ing ,  nor was t h e r e  any i n t e n t  t h a t  it should. The i n -  
t e n t  of t h i s  repor t  i s  t o  provide experimental r e s u l t s  pe r t a in ing  t o  a l l  
p r i n c i p a l  f a c t o r s  a f f e c t i n g  t h e  use  of s a t e l l i t e s  f o r  p o s i t i o n  f ix ing ,  es- 
p e c i a l l y  as they  inf luence  performance a t  VHF. It i s  hoped t h a t  t h e  informa- 
t i o n  it conta ins  w i l l  be u s e f u l  t o  t h e  numerous organiza t ions  t h a t  a r e  study- 
ing t h e  a p p l i c a t i o n  of sa te l l i tes  t o  naviga t ion  and t r a f f i c  con t ro l .  

REFERENCE 

1. Anderson, Roy E.,  “Study of S a t e l l i t e s  f o r  Navigatisn” ; General E l e c t r i c  
Company repor t  f o r  t h e  National Aeronautics and Space Adminis t ra t ion on 
con t r ac t  NASw-740; February 1964. 
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SECTION 2.  SIGNIFICANCE OF THE TEST RESULTS 

The study program did  not include cons idera t  ion  of s p e c i f i c  app l i ca t ions  
f o r  rad io  naviga t ion  and r a d i o  loca t ion  systems us ing  s a t e l l i t e s ,  It i s  inev- 
i t a b l e  however t h a t  t h e  p r i n c i p a l  i n v e s t i g a t o r  should a r r i v e  a t  conclusions 
concerning t h e  p r a c t i c a l  value of t h e  technique t h a t  w a s  t e s t e d  and t h e  per-  
formance t h a t  would be achieved i f  it were appl ied  i n  opera t iona l  systems., 

I n  t h e  proposal f o r  t h e  work, it w a s  es t imated t h a t  an  accuracy of 3 t o  
5 n a u t i c a l  m i l e s ,  1 sigma, could be achieved a t  WF. It i s  now evident  t h a t  
accuracy f a r  b e t t e r  t han  t h a t  can be achieved with modest u se r  equipment and 
s a t e l l i t e  design s i m i l a r  t o  t h a t  of ATS-1 and ATS-3, provided t h a t  t h e  iono- 
sphere i s  c a l i b r a t e d  by range measurements t o  f ixed  ground te rmina ls  contain-  
ing  transponders l i k e  those  used i n  t h e  mobile c r a f t  and provided t h a t  t h e  
c a l i b r a t i o n  of u se r  equipments i s  included. The use  of c i r c u l a r l y  polar ized  
antennas i s  recommended f o r  t h e  satel l i tes  and use r  c r a f t .  

Resul ts  i n d i c a t e  t h a t  a n  operat ing VHF system designed with t h e  bas i c  
parameters used i n  t h e  experiment would have an  accuracy of 1 n a u t i c a l  m i l e ,  
1 sigma f o r  sh ips ,  and approximately t h e  same accuracy f o r  a i r c r a f t .  The 
new estimate i s  based on t h e  following p ro jec t ions  from t h e  experimental  
r e s u l t  ., 

Fix  p rec i s ion  f o r  t h e  Coast Guard Cu t t e r  Valiant i n  t h e  Gulf of Mexico 
shows east-west e r r o r s  much smaller than  I n a u t i c a l  m i l e .  North-south e r r o r s  
were sometimes g r e a t e r  than  I m i l e ,  but t h e i r  d i s t r i b u t i o n  w a s  along a hyper- 
b o l i c  l i n e  of p o s i t i o n  as a r e s u l t  of poor s igna l - to-noise  a t  t h e  sh ip  re- 
ceiver., The use of a b e t t e r  sh ip  antenna and b e t t e r  placement of t h e  antenna 
on t h e  sh ip  would improve t h e  p rec i s ion  along t h e  hyperbol ic  l ine .  
Figures 7 - 5  through 7-10.] 

(See 

I n  one t e s t ,  a i r c r a f t  f i x  p rec i s ion  using t h e  azimuth mode of a Satcom 
antenna with t h e  a i r c r a f t  over land and water was 70 out of 7 4  f i x e s  wi th in  
1 n a u t i c a l  m i l e .  (See Figure 6-3,) It i s  probable t h a t  t h e  use of antennas 
with higher  ga in  and b e t t e r  d i scr imina t ion  aga ins t  mult ipath,  such as those  
i n s t a l l e d  on t h e  new 747 a i r c r a f t ,  would insure  p rec i s ion  equal  t o  t h e  
referenced test  r e s u l t  under most condi t ions.  

F ix  accuracy can  be almost as good as t h e  p rec i s ion  i f  t h e  equipment and 
ionosphere delays are proper ly  c a l i b r a t e d ,  and t h e  pos i t i ons  of t h e  sa te l l i t es  
are known, as confirmed by t h e  Sea Robin tes ts  (see Figures  8 - 2 ,  8 -3  and 8 - 4 )  
and a i r c r a f t  tes ts  (see Tables 6-2, 6 - 3  and 6 - 4 ) .  

Cal ib ra t ion  of narrow bandwidth u s e r  equipment can be maintained without 
a t t e n t i o n  f o r  u se fu l ly  long periods.  No s i g n i f i c a n t  d r i f t  i n  t h e  Sea Robin 
transponder w a s  observed while i t  operated a t  sea without adjustment f o r  
twenty-seven days (see Figures  8-3  and 8 - 4 ) .  

Cal ib ra t ion  s t a t i o n s ,  e s s e n t i a l l y  t h e  same as u s e r  transponders,  separated 
approximately 600 n a u t i c a l  m i l e s  and each in t e r roga ted  a few t i m e s  p e r  hour,may 
provide s u f f i c i e n t  informat ion  f o r  ionosphere co r rec t ions  (see discussion,  
Sec t ion  5, page 5-31. 

S c i n t i l l a t i o n  i n  t h e  ionosphere may cause s i g n a l  s t r eng th  v a r i a t i o n s  of 
l a r g e  amplitude and shor t  per iod  s i g n a l  dropouts. They have l i t t l e  e f f e c t  on 
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ranging accuracy. Range measurements can be made i n  a f r a c t i o n  of a second; 
s c i n t i l l a t i o n  may reduce t h e  p robab i l i t y  of a response, but it does not a f -  
f e c t  accuracy s i g n i f i c a n t l y  o r  impair t h e  a b i l i t y  t o  make frequent p o s i t i o n  
f i x e s  on user  craf t .  (See Sec t ion  5, page 5-28.) 

Not a l l  of t h e  test  r e s u l t s  were a s  p rec i se  nor as accura te  a s  t h e  ex- 
amples c i t e d  above, The r a t i o  of u se r  responses t o  in t e r roga t ions  w a s  not 
always high enough f o r  an  opera t iona l  system. These de f i c i enc ie s  r e s u l t e d  
because of t h e  experimental  na ture  of t h e  program. 
be improved by engineering e f f o r t  t h a t  can now be defined. 

I n  every case,  they could 

The lowest p rec i s ion  was experienced with a jet a i r c r a f t  a t  high a l t i -  
tude over t h e  North A t l a n t i c  using a low ga in  VHF blade antenna suscep t ib l e  
t o  niclt ipath.  Greatest  s tandard devia t ion  of t h e  range measurements was 11 
microseconds, represent ing  a c ros s - t r ack  e r r o r  s l i g h t l y  g r e a t e r  than 1 nau- 
t i c a l  mile,  The l a r g e s t  s i n g l e  c ros s - t r ack  e r r o r  w a s  4 n a u t i c a l  m i l e s  
( see  Figure 6-5). 
and higher  ga in  i n  t h e  d i r e c t i o n  of t h e  s a t e l l i t e  would improve accuracy t o  
compare with t h e  r e s u l t s  obtained over Lake Michigan. (See Figures 6-14 and 
6-15.) 

An antenna with b e t t e r  d i scr imina t ion  aga ins t  mult ipath 

Responders used i n  t h e  tes ts  were experimental  u n i t s ,  a l l  s o l i d  s t a t e ,  
employing in t eg ra t ed  c i r c u i t s  and p r in t ed  c i r c u i t  board cons t ruc t  ion. No 
formal attempt was made t o  es t imate  t h e  cos t  of u n i t s  designed and b u i l t  i n  
production quan t i t i e s .  However, t h e  cos t  of bu i ld ing  t h e  experimental  u n i t s  
suggests t h a t  t h e  cos t  of a u n i t  f o r  adding a ranging c a p a b i l i t y  t o  a sh ip  
o r  a i r c r a f t  t h a t  i s  equipped f o r  sa te l l i t e  communication would be approxi- 
mately $5,000. 
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SECTION 3. EXPERIMENT DESCRIPTION 

The experiment demonstrated f o r  t h e  f i r s t  t i m e  t h a t  it i s  p r a c t i c a l  t o  
l o c a t e  mobile c r a f t  by range measurements from two sa te l l i t es  with a s i n g l e  
in t e r roga t ion  from a ground s t a t i o n  and a s i n g l e  response from t h e  mobile 
c r a f t .  A sho r t  "tone-codel' i n t e r roga t ion  s i g n a l  conta in ing  a s i n g l e  f r e -  
quency tone burs t  followed by a u s e r ' s  address  w a s  t r ansmi t t ed  from a ground 
terminal  t o  ATS-1 o r  ATS-3, usua l ly  t h e  la t ter .  
s i g n a l ,  A l l  of t h e  a c t i v a t e d  t ransponders  wi th in  range of t h e  s a t e l l i t e  re- 
ceived t h e  i n t e r r o g a t i o n  and each one matched t h e  phase of a l o c a l l y  generated 
tone  t o  t h e  received tone  phase. The one u n i t  t h a t  w a s  addressed recognized 
i t s  own code, and t r ansmi t t ed  a response through an omnidirect ional  antenna. 
Bot3 s a t e l l i t e s  repeated t h e  response when both were wi th in  view of t h e  u n i t ,  
The ground te rmina l  measured t h e  t i m e  from t h e  i n i t i a l  t ransmission t o  t h e  
r e t u r n  of t h e  in t e r roga t ing  s i g n a l  from t h e  one s a t e l l i t e ,  and t o  t h e  r e t u r n s  
from t h e  u s e r  as relayed by t h e  two sa te l l i t es .  The t i m e  measurements were 
s to red  on punched t a p e  and l a t e r  i n s e r t e d  i n t o  a computer. The known equip- 
ment delays of  t h e  u s e r  t ransponder  and t h e  s a t e l l i t e s  were subt rac ted  from 
t h e  measurements, and t h e  ranges from t h e  two s a t e l l i t e s  t o  t h e  u s e r  were 
determined. An i n i t i a l  f i x  determinat ion was made, t h e  l o c a l  t i m e  a t  t h e  
i n i t i a l  f i x  w a s  noted, and co r rec t ions  f o r  ionospheric  delay were obtained 
from a model of t h e  ionosphere s to red  i n  t h e  computer, Range co r rec t ions  
were appl ied,  and t h e  p o s i t i o n  f i x  determined by another  i t e r a t i o n  of t h e  
computation. 

The s a t e l l i t e  repeated t h e  

When a t ransponder  w a s  i n  view of only one sa te l l i t e ,  l i n e s  of  p o s i t i o n  
were determined from t h e  s i n g l e  range measurements. Computer programs were 
used t o  compute t h e  l a t i t u d e  a t  which t h e  l i n e  of p o s i t i o n  crossed a given 
longi tude,  o r  t h e  longi tude a t  which t h e  l i n e  of p o s i t i o n  crossed a given 
l a t i t u d e .  

Other da t a  were a l s o  c o l l e c t e d  during t h e  experiment, such as t h e  s tandard 
devia t ions  of range measurements between t h e  ground te rmina l  and t h e  s a t e l l i t e ,  
and between t h e  s a t e l l i t e  and t ransponders  aboard mobile veh ic l e s  o r  a t  f i xed  
loca t ions .  Ionospheric delays were measured, and observat ions were made of 
Faraday r o t a t i o n ,  ionospheric  s c i n t i l l a t i o n ,  and sea r e f l e c t i o n  mult ipa th .  
Voice and da ta  t ransmiss ions  were made with t h e  s a m e  t r a n s m i t t e r s  and r ece ive r s  
used f o r  ranging. 

The ground te rmina l  used i n  t h e  experiment w a s  t h e  Radio-Optical Observa- 
t o r y  of t h e  General Electric Company, loca ted  near  Schenectady, New York a t  
42O50' 53" North l a t i t u d e ,  and 74O04' 15" West longi tude.  A photograph of t h e  
Observatory i s  shown i n  Figure 3-1. In t e r roga t ions  t o  t h e  sa te l l i t e  were 
t ransmi t ted  t o  t h e  s a t e l l i t e s  on 149.22 MHz with a t r a n s m i t t e r  power of 300 
w a t t s .  Transmissions were through a 30 foot  diameter parabol ic  antenna having 
a log pe r iod ic  feed wi th  s e l e c t a b l e  ho r i zon ta l  o r  v e r t i c a l  po la r i za t ion .  
same antenna w a s  used t o  r ece ive  t h e  s i g n a l s  from t h e  in t e r roga t ing  s a t e l l i t e .  
I n  t h e  l a t e r  phases of t h e  experiment a means w a s  provided t o  switch po la r i za -  
t i o n  independently f o r  t ransmiss ion  and recept ion ,  Except f o r  b r i e f  tes ts ,  o r  
when only ATS-1 w a s  i n  use, t h e  30 foot  antenna w a s  used wi th  ATS-3. When 
in t e r roga t ions  were made through ATS-3 and responses received from both satel-  
l i t e s ,  a two-bay crossed  yag i  antenna with 16 dB of ga in  w a s  used f o r  rece iv ing  
t h e  s igna l s  from ATS-1. A choice of v e r t i c a l  and ho r i zon ta l  po la r i za t ions  was 
a v a i l a b l e  with t h e  y a g i  antenna. 

The 
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Signals  re turned from t h e  satel l i tes  were on 135.6 MHz. The received 
s igna l s  were appl ied  t o  pre-ampl i f ie rs  with a no ise  f i g u r e  b e t t e r  than  3 dB, 
and then  de tec ted  i n  FM rece ive r s  with I F  bandwidths of 15 kHz. 

Spec ia l ly  designed and constructed c i r c u i t s  de tec ted  t h e  t iming s igna l s ,  
They were then  recorded and e l e c t r o n i c  counters  measured t h e  t i m e  i n t e r v a l s .  

on punched paper t a p e  toge the r  with t i m e  of day, and information pe r t a in ing  t o  
d i g i t a l  b i t  e r r o r  r a t e s  i n  t h e  received use r  i d e n t i f i c a t i o n  codes. Paper 
char t  recordings were made of s i g n a l  l e v e l  and incremental  t i m e  delay changes. 
Magnetic t ape  recordings of d i g i t a l  data r e tu rns  were made when data  was in -  
cluded with t h e  responses. 

Five veh ic l e s  were used during t h e  experiment: an  oceanographic buoy; 

Range measurements 
two a i r c r a f t ,  a DC-6B and a KC-135; a sh ip ;  and a panel  t ruck.  
c a l l e d  Sea Robin, w a s  moored i n  deep water of f  Bermuda. 
were made from ATS-3 and sensor data  were t ransmi t ted  i n  d i g i t a l  form with 
t h e  ranging response. The Sea Robin experiment w a s  conducted j o i n t l y  by 
General E l e c t r i c  and t h e  Off ice  of Naval Research (cont rac t  N00014-68-C0467). 
Lines of p o s i t i o n  were determined f o r  hundreds of range measurements made a t  
var ious t i m e s  during t h e  day and night  f o r  a t h r e e  week period. 

The buoy, 

The Coast Guard Cu t t e r  Val iant ,  WMEC-621, loca ted  i n  t h e  Gulf of Mexico, 
was i n  view of both s a t e l l i t e s .  The transponder on t h e  sh ip  was in t e r roga ted  
through one s a t e l l i t e .  The Valiant responded through both s a t e l l i t e s  t o  pro- 
v ide  dual range measurements when t h e  sh ip  was i n  po r t  and under way. The 
measurements were used t o  determine t h e  p rec i s ion  of f ixes ,  but t h e  f a i l u r e  
of a mechanically despun SHF antenna on ATS-3 prevented NASA from obtaining 
accura te  s a t e l l i t e  p o s i t i o n  information during t h e  per iod of t h e  Valiant tests. 
It was t h e r e f o r e  not poss ib l e  t o  determine t h e  accuracy of t h e  f ixes ,  although 
t h e  pos i t i ons  of t h e  ship when under way w e r e  accu ra t e ly  determined by radar  
measurements r e l a t i v e  t o  of f - shore  o i l  r i g s  whose pos i t i ons  are known accurately.  

The Federal  Aviation Administration made two a i r c r a f t  ava i l ab le :  a M=-6B, 
a four-engine propel le r -dr iven  a i r p l a n e ;  and a KC-135, a l a rge  j e t ,  The DC-6B 
was equipped with two antennas,  a blade and a Satcom. 
p a t t e r n s  permit ted observat ions of mult ipath e f f e c t s .  Pos i t i on  f i x e s  were 
determined f o r  t h e  a i r c r a f t  as it flew over t h e  midwestern 'United States,  in-  
cluding over land and over Lake Michigan. The pos i t i ons  were compared with 
Vortac f i x e s  determined i n  t h e  a i r c r a f t .  The a i r c r a f t  was a l s o  flown over t h e  
ocean of f  t h e  coast  of New Je rsey  where it was t racked  by a p rec i s ion  radar  of 
t he  FAA's National Aviat ion F a c i l i t i e s  Experimental Center (NAFEC), but t h e  
f l i g h t s  were made during t h e  per iod when accura te  s a t e l l i t e  information w a s  
not ava i l ab le .  

The d i f f e r e n t  antenna 

Range measurements were made from ATS-3 t o  t h e  KC-135 when t h e  a i r c r a f t  

The a l t i t u d e ,  s a t e l l i t e  
was a t  high a l t i t u d e ,  f l y i n g  a t  subsonic speed i n  t h e  v i c i n i t y  of Iceland. 
The a i r c r a f t  was equipped with a VHF blade antenna. 
e l eva t ion  angle ,  a i r c r a f t  speed and antenna p a t t e r n  combined t o  provide a 
good tes t  of mult ipath e f f e c t s .  

The KC-135 provided an unscheduled test  of t h e  communications compat ib i l i ty  
While t h e  ground te rmina l  was in t e r roga t ing  of t h e  tone-code ranging technique. 

t h e  Cut te r  Valiant,  t h e  KC-135 crew unexpectedly c a l l e d  t h e  ground te rmina l  by 
voice from t h e  runway i n  t h e  Azores request ing range measurements while t h e  
a i r c r a f t  took o f f .  The ground te rmina l  switched t o  t h e  address code of t h e  
KC-135 a i r c r a f t ,  and successfu l ly  ranged on it u n t i l  it was a i rborne ,  then  
returned t o  t h e  Valiant code. 
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A l l  of t h e  f i v e  veh ic l e s  used i n  t h e  test  were equipped with FM mobile 
r ad io  t r a n s m i t t e r s  and r e c e i v e r s  with tone-code ranging responders a t tached .  
The t r ansmi t t ed  powers a d t h e  antenna conf igu ra t ions  used on t h e  f i v e  vehi- 
c l e s  a r e  given i n  Table 3-1. 

TABLE 3-1 

TRANSMITTED POWERS AND ANTENNA CONFIGURATIONS OF VEHICLES USED I N  TESTS 

VEHICLE POWR ANTENNA 

Buoy 120 w Se lec t ab le  l i n e a r l y  po la r i zed  dipole .  
KC- '135 500 W VHF blade. 
DC-6B 

Ship 300 W C i r c u l a r l y  polar ized .  
Van 80 W Separate rece ive  and t ransmi t  l i n e a r l y  po la r i zed  d i -  

500 W VHF blade and c i r c u l a r l y  po la r i zed  horizon and zen i th  
mode Satcom antenna. 

po les .  

The tone-code s i g n a l  cons i s t ed  of an  audio frequency tone  bu r s t  f o l -  
lowed by a d i g i t a l  address code. 
kHz. The d i g i t a l  address code had 30 b i t s .  A d ig i ta1"one"  was a s i n g l e  
cyc le  of t h e  audio frequency tone and a d i g i t a 1 " z e r o "  was a suppressed 
cycle. 
0.43 second. Tone-code ranging i s  described i n  d e t a i l  l a t e r  i n  t h i s  s ec t ion .  

The tone  burs t  was 1024 cyc les  of 2.4414 

The t i m e  dura t ion  of a complete tone-code s i g n a l  w a s  approximately 

The tone-code s i g n a l  modulated t h e  t r a n s m i t t e r  with a dev ia t ion  of ap- 
proximately 5 kHz, r e s u l t i n g  i n  an  RF bandwidth f o r  t h e  s i g n a l  of approxi- 
mately 15 kHz. The t r a n s m i t t e r  w a s  a General Electric Mastr Progress Line 
Desk Mate@ The 300 w a t t ,  149.22 MHz 
s i g n a l  was t r ansmi t t ed  t o  t h e  i n t e r r o g a t i n g  sa te l l i t e ,  u sua l ly  ATS-3, 
through t h e  30 foot antenna. 

s t a t i o n  and 4EF5A1 power ampl i f i e r ,  

The s a t e l l i t e  received t h e  i n t e r r o g a t i o n  s i g n a l s ,  converted them t o  
135.6 MHz and r e t r ansmi t t ed  them with an  e f f e c t i v e  i s o t r o p i c  r ad ia t ed  power 
(EIRP) of approximately 200 w a t t s .  Bandwidth of t h e  s a t e l l i t e  VHF t r a n s -  
ponders i s  approximately 100 kHz. The t i m e  delay through t h e  transponder 
w a s  given as 7.3 microseconds, t h e  va lue  assumed i n  estimates of equipment 
delay. Uncertainty i n  sa te l l i t e  time delay was acceptab le  s ince  t o t a l  t i m e  
delay was c a l i b r a t e d  f o r  each transponder equipment with t h e  veh ic l e  a t  a 
known locat ion.  It i s  important, however, t h a t  it not change s i g n i f i c a n t l y  
during tes ts  . 

Each t ransponder  cons i s t ed  of an antenna, a mobile communications re- 
ce ive r ,  a tone-code responder u n i t ,  and a mobile r a d i o  t r a n s m i t t e r ,  I n  t h e  
responder u n i t ,  t h e  phase of a l o c a l l y  generated 2.4414 kHz audio tone  i s  
compared wi th  and matched t o  t h e  received tone  phase by adding o r  d e l e t i n g  
pulses  i n  t h e  frequency d iv id ing  chain. Each pu l se  added o r  de l e t ed  s h i f t s  
t h e  output phase by 0.4 microsecond. 
tone  i s  s h i f t e d  i n  s t e p s  u n t i l  it matches t h e  rece ived  tone phase wi th in  t h e  
small  quantized i n t e r v a l .  The c i r c u i t  design i s  such t h a t  t h e  phase can be 
s h i f t e d  180 degrees i n  e i t h e r  d i r e c t i o n  wi th in  400 cyc le s  of t h e  audio tone. 
Reception of only 400 cyc le s  out of t h e  1024 i s  s u f f i c i e n t  t o  in su re  phase 
match. 

I n  t h i s  way, t h e  l o c a l l y  generated 

The phase comparison i s  averaged over approximately 64 cyc le s  t o  
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reduce t h e  e f f e c t s  of no i se  j i t t e r .  When t h e  received address code i s  recog- 
nized, t h e  phase s h i f t i n g  and averaging process ends and t h e  l o c a l l y  generated 
tone  remains a t  t h e  phase e s t ab l i shed  during t h e  comparison with t h e  received 
tone phase. The accuracy of t h e  o s c i l l a t o r ,  b e t t e r  than  one pa r t  i n  10 , in -  
sures  t h a t  t h e  tone  phase a s  measured by t h e  timing of t h e  zero c ross ings  of 
t h e  audio tone  w i l l  not s h i f t  by more than  0.25 microsecond i n  t h e  following 
112 second. 

6 

The audio frequency output of t h e  r ece ive r  was a l s o  appl ied  t o  a d i g i t a l  
address code recognizer i n  t h e  responder. When t h e  code w a s  cen tered  i n  t h e  
r e g i s t e r ,  one clock pulse  from t h e  phase matcher w a s  gated out.  

The c lock  pulse  s t a r t s  a counter t h a t  counts t h e  next 1024 c lock  pulses  
t o  measure a p r e c i s e  t i m e  i n t e r v a l  of 419,430.4 microseconds. 
time i n t e r v a l ,  t h e  antenna was switched from t h e  r ece ive r  t o  t h e  t r a n s m i t t e r  
and t h e  l o c a l l y  generated tone  was t r ansmi t t ed  by frequency modulation wi th  
a devia t ion  of approximately 5 kHz. A t  t h e  end of t h e  p r e c i s e  t i m e  i n t e r v a l ,  
t h e  address code was clocked out of t h e  s h i f t  r e g i s t e r  and t ransmi t ted .  I n  
t h i s  way, t h e  transponder r e t r ansmi t t ed  t h e  tone-code s i g n a l  t o  t h e  s a t e l l i t e  
with t h e  tone  phase proper ly  set f o r  t h e  range measurement. Af t e r  t h e  code 
was t ransmi t ted ,  t h e  transponder re turned  t o  t h e  rece ive  mode, 

During t h a t  

The tone-code s i g n a l  w a s  t r ansmi t t ed  t o  t h e  satel l i tes  on 149.22 MHz and 
relayed by them t o  t h e  ground te rmina l  on 135.6 MHz. 

A t  t h e  ground t e rmina l  t h e  f i r s t  s i g n a l  received back from t h e  sa te l l i t e  
w a s  t h e  i n t e r r o g a t i n g  s igna l .  The propagat ion t i m e  t o  t h e  geos ta t ionary  
s a t e l l i t e  and r e t u r n  was approximately 0.25 second so  t h a t  t h e  ground s t a t i o n  
w a s  s t i l l  t r a n s m i t t i n g  when t h e  f i r s t  p a r t  of t h e  i n t e r r o g a t i o n  s i g n a l  w a s  
re turn ing .  
ceived and appl ied  t o  t h e  phase matcher-correlator,  a c i r c u i t  l i k e  t h a t  i n  
t h e  mobile responders except t h a t  address codes are s e l e c t a b l e  with a r o t a r y  
switch. Because t h e  phase matcher can br ing  t h e  l o c a l  tone  i n t o  phase wi th in  
400 cyc les ,  o r  h a l f  t h e  tone  period, t h e  dura t ion  of t h e  received tone  w a s  
s u f f i c i e n t l y  long f o r  t h e  phase measurement. Cor re l a t ion  of t h e  address code 
resolved t h e  tone per iod  ambiguity, and gated out a s i n g l e  clock pu l se  t o  mark 
t h e  end of t h e  t i m e  i n t e r v a l  f o r  measuring t h e  range from t h e  ground te rmina l  
t o  t h e  s a t e l l i t e ,  and t h e  s t a r t  of t h e  t i m e  i n t e r v a l  f o r  t h e  range from t h e  
s a t e l l i t e  t o  t h e  mobile c r a f t .  The response from t h e  c r a f t  through t h e  i n t e r -  
roga t ing  s a t e l l i t e  was received and processed by t h e  same equipment and i n  t h e  
same way as t h e  i n t e r r o g a t i o n  return.  The f u l l  dura t ion  of t h e  tone  was re- 
ceived. The response re layed  through t h e  o ther  s a t e l l i t e  w a s  received on a 
d i f f e r e n t  antenna and r ece ive r ,  and processed i n  a d i f f e r e n t  phase matcher- 
c o r r e l a t o r .  

Consequently, only t h e  last  h a l f  of t h e  i n t e r r o g a t i o n  was r e -  

Three t i m e  i n t e r v a l s  were measured and recorded. A l l  t h r e e  t i m e  i n t e r -  
val measurements s t a r t e d  with t h e  t ransmiss ion  of t h e  i n t e r r o g a t i o n  s i g n a l  
from t h e  ground s t a t i o n .  The a c t u a l  s tar t  t i m e  occurred one c lock  period, 
409 microseconds, a f t e r  t h e  t ransmiss ion  of t h e  last  b i t  i n  t h e  u s e r  address 
code. The f i r s t  t i m e  i n t e r v a l ,  approximately 0.25 second i n  dura t ion ,  ended 
with t h e  c o r r e l a t i o n  of t h e  r e t u r n  from t h e  i n t e r r o g a t i n g  s a t e l l i t e .  
o ther  two i n t e r v a l s ,  each approximately 0.9 second i n  duration, ended wi th  
c o r r e l a t i o n  of t h e  veh ic l e  responses through two s a t e l l i t e s .  The i n t e r v a l s  
were measured with a t iming r e s o l u t i o n  of 0.1 microsecond. 

The 

The t i m e  from t h e  s tar t  of an i n t e r r o g a t i o n  t o  t h e  completion of t h e  
range measurements and recording of t h e  da ta  was less than  1 second, so  t h a t  
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a n  i n t e r r o g a t i o n  r a t e  of one p e r  second w a s  posgib le  and was demonstrated. 
The usua l  r a t e  i n  t h e  test  w a s  once every t h r e e  seconds. 

There were two exceptions t o  t h e  once-per-second capab i l i t y .  The t r a n s -  
ponder used i n  t h e  FAA a i r c r a f t  could not switch quickly from rece ive  t o  
t ransmi t ,  and t h e r e f o r e  it w a s  necessary t o  extend t h e  responder delay from 
1024 t o  2048 per iods  of t h e  audio frequency tone, making t h e  t o t a l  i n t e r r o -  
g a t i o n  and response t i m e  approximately 1.5 seconds. The o the r  except ion w a s  
t h e  Sea Robin buoy which t r ansmi t t ed  a d i g i t a l  da t a  readout l a s t i n g  approxi- 
mately 1.2 seconds as p a r t  of i t s  response t o  t h e  range in t e r roga t ion .  The 
readout followed t h e  tone-code response and w a s  clocked by t h e  responder. 

The t i m e  i n t e r v a l s  were measured us ing  Hewlett-Packard Model 5245L coun- 
ters with 5262A t i m e  i n t e r v a l  plug-ins. The t i m e  i n t e r v a l s  were punched on 
paper t ape  along with Greenwich Mean Time,  and a number r ep resen t ing  t h e  b i t s  
i n  e r r o r  i n  t h e  word synch and address code. The b i t s  i n  e r r o r  were d i r e c t l y  
r e l a t e d  t o  t h e  amplitude of t h e  c o r r e l a t i o n  pulses  from t h e  summing c i r c u i t s  
which took on d i s c r e t e  va lues  depending on t h e  number of co r rec t  b i t s  i n  t h e  
received code. 
i n  e r r o r  i n  t h e  word synch o r  t h e  ind iv idua l  address code. 

Cor re l a t ion  could be achieved when as many as t h r e e  b i t s  were 

The punched t ape  da t a  recording format i s  shown i n  Figure 3-2. The word 
and address e r r o r  rate symbols are sepa ra t e  d i g i t a l  vol tmeter  measurements of 
t h e  amplitude c o r r e l a t i o n  pulses  of t h e  word synch and t h e  use r  address i n  t h e  
c o r r e l a t o r .  Numbers of approximately 66... i n d i c a t e  zero b i t s  e r r o r  and 58... 
represent one b i t  e r r o r  i n  t h e  15 b i t  codes which w e r e  a t  a d i g i t a l  b i t  rate 
of'2.4414 kHz. The da ta  sample used i n  t h e  i l l u s t r a t i o n  was recorded during 
t h e  September 5 c r u i s e  of t h e  Coast Guard Cu t t e r  Valiant.  

I n  a d d i t i o n  t o  t h e  punched t ape  recording, a four  channel paper cha r t  
recording w a s  a l s o  made. (See Figure 3-3 . )  The c h a r t  speed was 2.5 mm pe r  
second and each i n t e r r o g a t i o n  and response i s  resolved along t h e  c h a r t .  The 
las t  t h r e e  d i g i t s  of t h e  t i m e  i n t e r v a l  measurements f o r  t h e  propagat ion t i m e  
measurements from t h e  Observatory t o  ATS-3 and r e t u r n  were converted from 
d i g i t a l  s i g n a l s  t o  an analog vol tage  and recorded i n  t h e  t h i r d  t r ack .  
t i m e  r e s o l u t i o n  i s  1 microsecond pe r  l a r g e  d iv is ion .  The s lope  of t h e  average 
va lue  r e s u l t s  from t h e  changing range from t h e  Observatory t o  t h e  s a t e l l i t e ,  

The 

When necessary,  as i n  t h e  data readout of Sea Robin, a magnetic t ape  re- 
cording w a s  made of t h e  rece ived  audio frequency s igna l s .  

The s p e c i f i c  uses  of t h e  recorded da ta  a r e  described f o r  each mobile 
veh ic l e  i n  la ter  sec t ions  of t h i s  report .  The usua l  da ta  processing included 
t h e  determinat ion of standard devia t ions  f o r  range measurements. Standard 
devia t ions  f o r  s e l e c t e d  po r t ions  of t h e  recorded da ta  were computed r e l a t i v e  
t o  a "bes t  f i t "  quadra t ic  curve. A sample of da t a  processed i n  t h i s  way i s  
shown i n  F igure  3-4. 
t i o n  of t i m e  o r  a s  histograms t o  observe d i s t r i b u t i o n  p a t t e r n s  influenced by 
noise,  ionosphere propagat ion e f f e c t s ,  o r  multipath.  Lines of p o s i t i o n  and 
f i x e s  were computed t o  determine p r e c i s i o n  and accuracy f o r  var ious  conditions.  

I n  some cases, t h e  measurements were p l o t t e d  as a func- 
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FIGURE 3 - 2 .  FORMAT OF DATA RECORDED ON PUNCHED TAPE 
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FIGURE 3-3. ACCURACY OF L I N E S  OF P O S I T I O N  
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FIGURE 3-4 

I N I T I A L  PROCESSING O F  RANGING DATA 

F I L E  113 
DATE 6/12/69 FAA 
TN FLIGHT END OF RUN 
6 1240 113 
4 1 2  40 113 
6 124011 3 
15255448 63085 
NUMBER OF BAD RECORDS = 7 
NUMBER OF GOOD RECORDS = 189 

I N  N I  TNP NPU NPE GMTLOW GMTHIG YMAX DIE'MIN DIFMAX 
1 1 189 120 123 142010 142958 200.0 -6.02 7.39 

OV 1 189 120 123 142010 142958 -6.02'a 7.39 

I N  A B C 
1 -1.526683313-01 -1.623411593-01 7.393041703-06 

THATDIINT THATDIFIN DIFCHANGE 
1360511.3 1360416.3 95.0 

K M GMT GMTHMS 

1 12787 142010 
1 12790 142013 
1 12793 142016 
1 12795 142019 
1 12799 142022 
1 12802 142025 
1 12805 142028 
1 12808 142031 
1 12811 1'42034 
1 12814 142037 
1 12817 142040 
1 12820 '142043 
1 12823 142046 
1 12826 142049 
1 12829 142052 

TIMEACTUL 

13605 11.2 
1360512.3 
1360512.2 
1360508.0 
1360508.8 
1360506.8 
1360511.2 
1360507.6 
1360507.5 
1360506.8 
1360507.9 
1360509.2 
1360503.6 
1360501.9 
1360503.5 

TIMEPREDT 

1360511.3 
1360510.8 
1360510.3 
1360509.8 
1360509.3 
1360508.8 
1360508.3 
1360507.8 
1360507.3 
1360506.8 
1360506.3 
1360505.8 
1360505.3 
1360504.8 
1360504.3 

S D  ERRORATE 
2.409E+00 0. 
2.4093+00 0. 

DIFACTPRE 

-0.1 
1.5 
1.9 

.-1.8 
-0.5 
-2.0 

2.9 
-0.2 
0.2 

-0.0 
1.6 
3.4 

-1.7 
-2.9 
-0.8 

VOLTAGE ERROR 

6.7610 0 
6.7600 0 
6.7610 0 
6.7590 0 
6.7600 0 
6.7610 0 
6.7610 0 
6.7610 0 
6.7610 0 
6.7610 0 
6.7610 0 
6.7610 0 
6.7600 0 
6.7610 0 
6.7600 0 

GM" LOW - START TIME OF INTERVAL FOR COMPUTATION OF BEST FIT QUADRATIC 
GMT H I G  - END TIME OF INTERVAL FOR COMPUTATION 
YMAX - MAXIMOM DEVIATION I N  MICROSECONDS OF A MEASUREMENT THAT WOULD BE 

ACCEPTED I N  COMPUTING "BEST FIT' CURVE (& 1/2 AUDIO CYCLE PERIOD) 
DIFMIN - LARGEST NEGATIVE ACTUAL RANGE MEASUREMENT DEVLATION FROM "BEST FIT' 

DIFMAX - LARGEST P O S I T I V E  ACTUAL RANGE MEASUREMENT DEVIATION FROM "BEST FIT' 
CURVE 

CURVE 
DIFCHANGE - CHANGE I N  RANGE, 
GMTHMS - GMT HOURS, MINUTES, SECONDS 
TIMEACTUL - MEASURED TIME INTERVALS, MICROSECONDS 
TIMEPREDT - VALUES OF COMPUTED CURVE FOR CORRESPONDING TIMES 
DIFACTPRE - DISPLACEMENT OF ACTUAL MEASUREMENT FROM "BEST FIT' 

START TO END OF COMPUTED CURVE, MICROSECONDS 

CURVE, 
MICROSECONDS 

VOLTAGE - CORRELATOR OUTPUT AT CORRELATION 
ERROR - B I T S  I N  ERROR, ADDRESS CODE 
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Tone-Code Ranging Technique 

The tone-code ranging technique used i n  t h e  experiment has t h e  following 
c h a r a c t e r i s t i c s ,  

ia Useful accuracy can be achieved wi th in  t h e  modulation and r ad io  frequency 
bandwidths of present  -day mobile communications. 

o The technique can be used with wide bandwidth f o r  high accuracy. 

e It requ i r e s  only one channel f o r  range measurement, rece iv ing  and t r a n s -  
mi t t i ng  i n  t h e  simplex mode i f  des i r ed  without need f o r  an  antenna d ip lexer .  

~t The t i m e  requi red  f o r  a range measurement i s  a f r a c t i o n  of a second s o  t h a t  
It can t ime-share a communication channel with l i t t l e  a d d i t i o n a l  t i m e  usage 
of t h e  channel. 

o It can be implemented by t h e  a d d i t i o n  of an inexpensive, s o l i d - s t a t e  re- 
sponder u n i t  a t t ached  t o  a communication r ece ive r - t r ansmi t t e r .  

e It can, but need not ,  employ d i g i t a l  o r  d i g i t i z e d  voice t ransmissions t o  
provide synchronizing of t h e  use r  responder,  thereby f u r t h e r  increas ing  
t h e  e f f i c i e n c y  of channel usage. 

B, There are no "lane" ambigui t ies  i n  t h e  range measurements. 

0 User i d e n t i f i c a t i o n  i s  simple and i s  confirmed i n  t h e  r e t u r n  s igna l .  

Range measurements from sa t e l l i t e s  are  made by measuring t h e  propagat ion 
t i m e  of a r a d i o  s i g n a l  from t h e  s a t e l l i t e  t o  t h e  u s e r  and re turn .  The propa- 
ga t ion  t i m e  can then  be converted t o  a range measurement by r e l a t i n g  it t o  
t h e  known propagation v e l o c i t y  of t h e  r ad io  s i g n a l s ,  The free-space propaga- 
t i o n  v e l o c i t y  must be co r rec t ed  f o r  ionospheric  and atmospheric propagat ion 
e f f e c t s .  Propagation t i m e  i s  measured by p lac ing  a t i m e  marker i n  t h e  form 
of  a "tone-code" i n t e r r o g a t i o n  (Figure 3-5) on t h e  t r ansmi t t ed  s i g n a l  and 
observing t h e  t i m e  f o r  t h e  tone-code t o  go t o  t h e  u s e r  and r e tu rn ,  A s  used 
i n  t h e  experiment, t h e  i n t e r r o g a t i o n  s i g n a l  i s  a shor t  audio frequency tone  
t ransmiss ion  followed by a d i g i t a l  address  code i n  which audio cyc le s  are in-  
h i b i t e d  f o r  zeros,  t r ansmi t t ed  f o r  ones. Improved performance would r e s u l t  
from t h e  use  of phase s h i f t  keying. The simpler format w a s  chosen e a r l y  i n  
t h e  experiment f o r  convenience, and w a s  not changed as i t s  performance f u l -  
f i l l e d  t h e  tes t  requirements,  

Each u s e r  t ransponder  i s  assigned a unique d i g i t a l  address  code. When 
t h e  u s e r l s  f i x  i s  t o  be determined, t h e  tone burs t  followed by h i s  address  
code i s  t r ansmi t t ed  by t h e  Observatory t o  one of t h e  geos ta t ionary  satel l i tes ,  
t h e  " i n t e r r o g a t i n g  sa te l l i t e l ' ,  t h a t  r epea t s  i t ,  
s a t e l l i t e  t ransmission,  but  t h e  t ransponder  t h a t  i s  addressed recognizes  t h e  
address  code au tomat ica l ly ,  and a f t e r  a p r e c i s e  delay,  r e t r ansmi t s  t h e  tone  
code. The s a t e l l i t e s  repea t  t h e  s igna l .  The Observatory measures t h e  i n t e r -  
v a l s  from t h e  i n i t i a l  t ransmiss ion  t o  t h e  f i r s t  r e p e t i t i o n  by t h e  in t e r roga t ing  
s a t e l l i t e  and t o  t h e  t i m e s  of t h e  u s e r ' s  r e tu rns  by each of t h e  two satel l i tes .  
With t h e s e  measurements, i t  can determine t h e  ranges from t h e  two known pos i -  
t i o n s  of t h e  s a t e l l i t e s  t o  t h e  user .  The range measurements determine two 
spheres of p o s i t i o n  centered  a t  t h e  sa te l l i t es  and having r a d i i  equal  t o  t h e  

A l l  of t h e  use r s  receive t h e  
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measured ranges,  A t h i r d  sphere of p o s i t i o n  centered  a t  t h e  e a r t h l s  cen te r  
and having a rad ius  equal  t o  t h e  e a r t h ' s  r ad ius  p lus  t h e  u s e r ' s  a l t i t u d e  
i n t e r s e c t s  t h e  o the r  spheres  a t  two po in t s  - one i n  t h e  nor thern  hemisphere 
and one i n  t h e  southern hemisphere, By a p r i o r i  information, t h e  proper 
poin t  i s  s e l e c t e d  a t  t h e  u s e r ' s  loca t ion .  

The tone-code frequency t r ansmi t t ed  from t h e  Observatory i s  2.4414 kHz, 
derived by binary d i v i s i o n  from an  accura te  10.0 MHz o s c i l l a t o r .  The f r e -  
quency i s  wi th in  t h e  da ta  bandwidth of convent ional  a i r c r a f t  mobile communi- 
c a t i o n s  equipment. 
o the r  modulation capable  of  t r ansmi t t i ng  a phase coherent audio tone.  
tone dura t ion  i s  1024 cyc le s  and t h e  code 30 b i t s ,  so  t h a t  t h e  tone-code 
durat ion i s  0.43 second. 

It can be t r ansmi t t ed  by frequency modulation, o r  any 
The 

The t one-code s i g n a l  i s  e n t i r e l y  compat i b l e  w i th  voice communications 
and i s  of such shor t  dura t ion  t h a t  it can be i n s e r t e d  during pauses i n  speech. 
The s igna l s  can be re layed  by s a t e l l i t e s  designed f o r  communications with a i r -  
c r a f t  without r equ i r ing  any changes t o  t h e  s a t e l l i t e s  and without adding a 
s i g n i f i c a n t  load t o  t h e i r  communications capaci ty .  The s igna l s  are  a l s o  com- 
p a t i b l e  with da t a - l ink  d i g i t a l  communications. 
f o r  communications could a l s o  serve  as  t h e  phase r e f e r e n c e . f o r  ranging, and 
then  t h e  only s i g n a l  necessary f o r  ranging i s  t h e  address  code i t s e l f .  

The phase of t h e  d i g i t a l  c lock 

The u s e r  rece ives  t h e  tone cyc les  from t h e  s a t e l l i t e  on i t s  communication 
receiver, as shown i n  Figure 3-6. A l l  of  t h e  tone  cyc le s  received from t h e  
s a t e l l i t e ,  even though they  may be in t e r roga t ions  from other  c r a f t ,  are app l i ed  
t o  a phase matching c i r c u i t ,  A l o c a l l y  generated tone  of t h e  same frequency i s  
a l s o  appl ied  t o  t h e  phase matcher, which a d j u s t s  t h e  phase of t h e  l o c a l l y  gen- 
e ra t ed  tone  so  t h a t  it corresponds t o  t h e  phase of t h e  received tone.  The 
l o c a l  tone  i s  generated a t  t h e  same frequency as t h e  ground te rmina l  tone  
wi th in  an  accuracy of one p a r t  i n  l o 6  o r  b e t t e r ,  a n  accuracy achievable  from a 
moderately p r i ced  osc i l la tor . ,  The phase matcher accomplishes t h e  phase match 
wi th in  400 cyc les  and t h e n  averages over approximately 64 received cyc les  i n  
e s t a b l i s h i n g  t h e  t iming of t h e  l o c a l l y  generated phase. 
improves t h e  t iming accuracy by t h e  square root  of  t h e  number of cyc les  
averaged. 

The averaging process  

The l o c a l l y  generated tone i s  used t o  genera te  c lock pulses  that  c lock  t h e  
received i n t e r r o g a t i o n  s i g n a l  i n t o  an address  code recognizer  t h a t  c o n s i s t s  of 
a s h i f t  r e g i s t e r  wi th  summing c i r c u i t s  prewired t o  correspond t o  t h e  d i g i t a l  
address  code of t h e  user .  D i g i t a l  pu lses  timed from t h e  received tone zero 
c ross ings  are  clocked i n t o  t h e  address  code recognizer .  When t h e  sequence of 
pu l se s  represent ing  t h e  u s e r ' s  address  code i s  clocked i n t o  t h e  recognizer ,  i t  
produces a s i n g l e  output c lock  pu l se  t h a t  opens a g a t e  t o  i n t e r r u p t  t h e  l o c a l l y  
generated pu l ses  t h a t  are  clocking t h e  s h i f t  r e g i s t e r ,  The du ra t ion  of t h e  
i n t e r r u p t i o n  i s  p r e c i s e l y  con t ro l l ed  by a pu l se  counter.  
i n  which t h e  clock pulses  are  in t e r rup ted ,  t h e  u s e r ' s  t r a n s m i t t e r  i s  a c t i v a t e d  
and t h e  antenna i s  swi.tched from t h e  r e c e i v e r  t o  t h e  t r ansmi t t e r .  When t h e  
switching i s  completed, t h e  l o c a l l y  generated 2,4414 kHz tone  i s  t r ansmi t t ed  
u n t i l  t h e  end of t h e  p r e c i s e l y  measured i n t e r v a l .  
p l i e d  t o  t h e  s h i f t  r e g i s t e r  and t h e  address  code i s  clocked out t o  key t h e  
audio tone  t o  t h e  t r a n s m i t t e r  and r e t u r n  t h e  address  code, back through t h e  
s a t e l l i t e  t o  t h e  ground s t a t i o n .  
i s  switched e l imina te s  t h e  need f o r  a d ip l exe r  i n  t h e  u s e r  equipment. It a l s o  
enables  r ecep t ion  and re t ransmiss ion  t o  occur on t h e  s a m e  frequency. 

During t h e  i n t e r v a l  

Clock pulses  are  then  reap- 

In t roduc t ion  of t h e  delay while  t h e  antenna 
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A t  t h e  Radio-Optical Observatory, t h e  receiver output i s  appl ied  t o  an  
address  code recognizer  s i m i l a r  t o  t h a t  i n  t h e  u s e r  equipment. P r i o r  t o  t h e  
in t e r roga t ion  of an  ind iv idua l  user ,  t h e  t a p s  of t h e  summing c i r c u i t  are  
switched t o  correspond t o  t h e  code of t h e  use r  t o  be addressed. 
address  code i s  received from a s a t e l l i t e ,  a s i n g l e  output c lock pu l se  occurs 
a t  t h e  output of t h e  summing c i r c u i t .  

When t h e  

I n  t h e  range measurement tes ts ,  t i m e  i s  measured from t h e  t ransmiss ion  
of t h e  code t o  t h e  f i r s t  o r  "d i rec t"  r e t u r n  from t h e  s a t e l l i t e  and a l s o  t o  
t h e  second r e tu rn ,  which i s  t h e  u s e r * s  response. 
known equipment delays,  and est imated ionospheric  delays are subt rac ted  from 
t h e  longer i n t e r v a l  t o  y i e l d  a measure of t h e  d i s t ance  from t h e  known p o s i t i o n  
of t h e  s a t e l l i t e  t o  t h e  user .  

The f i r s t  i n t e r v a l ,  t h e  

Equipment Descr ip t ion  

General E lec t r ic ' s  Radio-Optical Observatory serves  as t h e  ground ter-  
minal f o r  t h e  experiment, A photograph of t h e  Observatory i s  shown i n  Figure 
3-1, It i s  loca ted  near  Schenectady, New York a t  42050'53" North l a t i t u d e  
and 74O04'15" West longi tude,  The Observatory i s  p a r t  of t h e  Companyvs 
Research and Development Center,  
f i x i n g  experiment i s  depic ted  i n  Figure 3-7 

Equipment used f o r  t h e  ranging and p o s i t i o n  

A tone-code responder u n i t ,  shown i n  t h e  photographs of t h e  f i v e  c i r c u i t  
board cards  and t h e  assembled u n i t  with i t s  cover removed (Figures  3-8 and 
3-9), i s  used with a mobile r ece ive r  and t r a n s m i t t e r  t o  form a transponder.  
The block diagram of  a responder i s  depic ted  i n  Figure 3-10. 

Each u s e r  responder performs t h e  following sequence of func t ions :  

1, 

2 .  

3. 

4. 

5 .  

6. 

7 .  

Phase alignment of i t s  own 2.4414 kHz c lock  with t h e  received 2.4414 kHz 
s i g n a l  p r i o r  t o  rece iv ing  t h e  address  code, 

Recognition of i t s  u s e r  address  code. Each responder conta ins  a s h i f t  
r e g i s t e r  prewired f o r  i t s  own address.  

Measuring a p r e c i s e  t i m e  delay of  1024 tone  cyc le s  durat ion,  419,430.4 
microseconds 

A t  t h e  start  of t h e  delay,  switching t r a n s c e i v e r  from t h e  r ece ive  mode 
t o  t h e  t ransmi t  mode 

Supplying t h e  proper ly  phased tone  modulation s i g n a l  t o  t h e  t r a n s m i t t e r  
during t h e  p r e c i s e l y  known t i m e  delay.  

Transmit t ing i t s  d i g i t a l  address  code s t a r t i n g  p r e c i s e l y  a t  t h e  end of  
t h e  delay.  

Switching t r a n s c e i v e r  back t o  r ece ive  mode. 

The u n i t  employs a 10 MHz o s c i l l a t o r ,  wi th  a long-term s t a b i l i t y  of one p a r t  
pe r  mi l l i on ,  as i t s  frequency reference.  The o s c i l l a t o r  i s  divided down by 
binary d i v i s i o n  t o  t h e  tone  frequency of  2.4414 kHz, A range measurement re- 
qu i r e s  t h a t  t h e  l o c a l l y  generated 2.4414 kHz s i g n a l  be brought i n t o  phase with 
t h e  2.4414 kHz s i g n a l  received from t h e  sa te l l i t e .  A t  least  400 cyc le s  of t h e  
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tone must be received j u s t  before  t h e  address  code t o  a l low f o r  phase matching 
and averaging. The rece ived  tone i s  passed through a tuned c i r c u i t  of approx- 
imately 120 Hz bandwidth before  i t s  phase i s  compared with the-  l o c a l l y  gener- 
a t e d  2.4414 kHz tone. Phase comparison f o r  400 cyc le s  i s  s u f f i c i e n t  t o  match 
t h e  zero c ross ings  of t h e  received and l o c a l l y  generated tones t o  wi th in  0.4 
microsecond i f  t h e  s igna l - to-noise  r a t i o  i s  high, and t o  average t h e  e f f e c t s  
of noise  t o  an  acceptab le  value i f  t h e  r a t i o  i s  low. Phase s h i f t i n g  t h e  
2.4414 kHz i s  achieved by t h e  add i t ion  o r  e l imina t ion  of pu lses  i n  t h e  d iv ide  
down counter  a t  t h e  2.5 MHz and 5 MHz levels. 

The responder funct ions on a 30-bi t  u s e r  address  code, The code c o n s i s t s  
of a 15-bi t  word synch and a 15-bi t  address .  The 15-bi t  word synch i s  t h e  
same f o r  a l l  users .  A unique 15-bi t  address  i s  assigned t o  each user .  This  
p a r t i c u l a r  code conf igura t ion  provides f o r  128 use r s  with a minimum Hamming 
d is tance  of 5. 

The 15-b i t  address  code s h i f t  r e g i s t e r  i s  wired s p e c i f i c a l l y  f o r  t h e  
use r ' s  address .  
occurs simultaneously i n  t h e  15-bi t  word synch s h i f t  r e g i s t e r  and i n  t h e  15- 
b i t  address  s h i f t  r e g i s t e r .  The outputs  of t h e  s h i f t  r e g i s t e r  s t ages  are 
summed i n  a cur ren t  summing network, Centering of t h e  word synch and address  
code i n  each of t h e  c o r r e l a t o r s  r e s u l t s  i n  a peak vol tage  a t  t h e  c o r r e l a t o r  
output.  The vol tage  peak i s  threshold  de tec ted  and used t o  ga te  out t h e  next 
c lock  pulse  f o r  t iming purposes s ince  t h e  rise-time of t h e  lead edge of t h e  
c o r r e l a t i o n  waveform i t s e l f  i s  not s u f f i c i e n t l y  accurate .  The pu l se  s t a r t s  
a counter  t h a t  measures a per iod  of 1024 cyc les  of t h e  l o c a l l y  generated tone ,  
This  t iming pu l se  a l s o  switches t h e  t ransponder  i n t o  t h e  t ransmit  mode, and it 
then  begins t o  t ransmi t  t h e  l o c a l l y  generated,  p roper ly  phased 2.4414 kHz tone 
back t o  t h e  satel l i te .  A t  t h e  end of t h e  p r e c i s e  t i m e  delay, t h e  address  code 
i s  t ransmit ted.  The transponder then  r e tu rns  t o  t h e  rece ive  mode and awaits 
f u r t h e r  i n t e r roga t ions .  During re t ransmiss ion  of t h e  tone  and address ,  t h e  
2.4414 kHz c lock  has remained i n  phase with t h e  previously received s i g n a l  
s ince  following c o r r e l a t i o n  no f u r t h e r  input i s  presented t o  t h e  phase matcher, 
thereby prevent ing no i se  from cor rupt ing  t h e  phase alignment., 

When t h e  address  i s  received following t h e  tone,  c o r r e l a t i o n  

An a d d i t i o n a l  f e a t u r e  of  t h e  responder i s  a no i se  i n h i b i t  c i r c u i t  which 
prevents  f a l s e  c o r r e l a t i o n s  on noise  during t h e  absence of a received s igna l .  
This i s  achieved by half-wave r e c t i f y i n g ,  f i l t e r i n g  and threshold  de t ec t ing  
t h e  output of t h e  narrow band f i l t e r ,  This  c i r c u i t  i s  designed t o  respond 
only t o  t h e  presence of t h e  continuous synch tone.  
i s  detected,  t h e  received s i g n a l  i s  then  presented t o  t h e  s h i f t  r e g i s t e r .  

Once t h e  presence of tone  

The responder i s  d i g i t a l .  It i s  cons t ruc ted  on f i v e  p r in t ed  c i r c u i t  
boards , 6 1 / 4  inches by 8 inches , and u t i l i z e s  F a i r c h i l d  DTL and T2L dual in -  
l i n e  ceramic log ic  packages. The cards  s l i d e  i n t o  a c i r c u i t  board and connec- 
t o r  mounting k i t  which i s  housed i n  an  aluminum box, 6 inches by 8 inches by 
10 inches. I t s  t o t a l  weight i s  s i x  pounds. A s i n g l e  connector on t h e  f ron t  
provides t h e  necessary input  and output funct ions.  The power requirements are: 
+5 v o l t s ,  1.0 amp; +15 v o l t s ,  0.09 amp; -15 v o l t s ,  0.07 amp. 

The tone-code genera tor  and t h e  phase matcher-correlator  (Figure 3-11) i n  
t h e  Observatory are based on t h e  same c i r c u i t s .  The p r i n t e d  c i r c u i t  boards 
are designed s o  t h a t  they  can be modified f o r  use  i n  a tone-code generator ,  a 
phase matcher-correlator ,  o r  a responder u n i t .  
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FIGURE 3-11 
TONE-CODE G E N E U T O R  AND PHASE MATCHER-COWLATOR 
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C omput er Pro grams 

The following computer programs were prepared f o r  processing t h e  data. 

SLANTM 

This GE MARK I t i m e  shar ing  code computes t h e  s l a n t  range between: 
1)  a s a t e l l i t e  with s p e c i f i e d  geocent r ic  e a r t h  d i s t ance  and i t s  s u b s a t e l l i t e  
longitude and geodetic ' . l a t i tude ;  and 2) a ground s t a t i o n  whose coord ina tes  
are longitude, geodetic l a t i t u d e  and a n  a l t i t u d e  above t h e  e a r t h ' s  su r f ace  
re ference  e l l i p s o i d .  The f l a t t e n i n g  f a c t o r  and e q u a t o r i a l  rad ius  p re sen t ly  
being used are: 1/297 and 6,378166 x lo6  meters. 

OBSPROCi (+ f i l e s )  i = 1, 2, 3, 4 

These GE MARK I1 t i m e  shar ing  codes a r e  used t o  process punched paper 
t ape  generated a t  t h e  Observatory. 
records each conta in ing  t ime (hours, minutes, seconds); two t i m e  delay measure- 
ments; and, i n  one vers ion ,  vo l tage  l e v e l  data.  These programs read t h e  punched 
paper tape,  check each record  f o r  completeness and co r rec t  format, and then  per- 
form l e a s t  squares (second order) curve f i t t i n g  versus  t i m e  i n  a v a r i e t y  of 
options a t  t h e  c o n t r o l  of t h e  user.  
(N = 0, 1, 2, ... i n  number) which subdivide t h e  t o t a l  i n t e r v a l  i n t o  N + 1 
sub in te rva l s  i n  each of which independent second order l e a s t  squares curve 
f i t s  a r e  made. The program includes a v a r i e t y  of l o g i c  t o  exclude "wild 
points", such as a meaningless number p r i n t e d  when no response i s  received, 
from t h e  least squares cont r ibu t ion .  Standard output includes such quant i -  
t i e s  as t h e  t o t a l  number of observations,  t h e  number of which are taken as 
good p o i n t s ;  t h e  t i m e  a t  each boundary of t h e  sub in te rva l s ;  t h e  t h r e e  coef- 
f i c i e n t s  a s soc ia t ed  wi th  t h e  second order  model; t h e  maximum and minimum 
e r r o r  between t h e  curve f i t  and "good" p o i n t s  i n  each sub in te rva l ;  and an  
unbiased estimate of t h e  standard dev ia t ion  of t h e  e r r o r s .  S i m i l a r  da ta  are 
summarized f o r  t h e  whole i n t e r v a l .  
u l a t i o n s  a r e  a v a i l a b l e  showing t h e  estimate and a c t u a l  measurement and their 
d i f f e rence  along with var ious  o the r  t i m e  data,  

The t a p e  conta ins  a sequence of many 

The use r  can spec i fy  " i n t e r v a l  markers" 

A t  t h e  u s e r ' s  choice, var ious  output t ab -  

The four  vers ions  are a s soc ia t ed  wi th  t h a t  many d i f f e r e n t  punched paper 
t ape  formats. 
i nd ica t ed  b i t  e r r o r  r a t e  i n  each sub in te rva l .  

Also, one ve r s ion  opera tes  on t h e  vol tage  l e v e l  t o  g ive  an  

LATCOM (+ f i l e s )  

This code e x i s t s  i n  two vers ions  f o r  both GE ' s  MARK I and MARK I1 t i m e  
sharing systems. One ve r s ion  i s  i n  a "conversa t iona l  mode" f o r  input ,  while 
t h e  o the r  reads f i l e s  f o r  input.  The purpose of LATCOM i s  t o  compute a u s e r ' s  
geodetic l a t i t u d e ,  when given h i s  longitude, a l t i t u d e  above t h e  e l l i p s o i d a l  
f i r s t  re fe rence  and s l a n t  range t i m e  delay information t o  one s a t e l l i t e  whose 
ephemeris (geocent r ic  e a r t h  d is tance ,  longitude and geodetic l a t i t u d e )  are 
a v a i l a b l e  on a f i l e  conta in ing  date,  t i m e  and t h e  preceding q u a n t i t i e s .  
e l l i p s o i d a l  e a r t h  i s  p resen t ly  taken t o  have a f l a t t e n i n g  f a c t o r  of 1/297 and 
a mean e q u a t o r i a l  rad ius  of 6.378166 x lo6 meters. 
manually inpu t s  b i a s  terms f o r  equipment delays and co r rec t ions  f o r  iono- 
sphere delays on propagat ion path. 

The 

A t  p resent ,  t h e  use r  
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POSFIX (+ f i l e s )  

This GE MARK I1 t i m e  shar ing  code computes t h e  u s e r ' s  longitude and geo- 
d e t i c  l a t i t u d e ,  when given h i s  a l t i t u d e  above t h e  e l l i p s o i d a l  e a r t h  re ference  
and s l a n t  range t i m e  delay information from two satel l i tes  whose geocent r ic  
e a r t h  d is tances ,  longitudes and geodetic l a t i t u d e s  a r e  a v a i l a b l e  i n  an 
ephemeris f i l e  which conta ins ,  i n  add i t ion ,  da t e  and t i m e .  I n  t h i s  code t h e  
e f f e c t s  of t h e  ionosphere delays are computed on t h e  b a s i s  of an empir ica l  
model as a func t ion  of t h e  t i m e  of day a t  t h e  i n t e r s e c t i o n  of t h e  ray  pa th  
with an ionosphere l a y e r  and t h e  e l e v a t i o n  angle  a s soc ia t ed  with t h e  s l a n t  
range vec to r  from t h e  poin t  on e a r t h  t o  t h e  satel l i te .  I n t e r n a l  t o  t h e  com- 
p u t e r  program i s  a secant s o l u t i o n  of two simultaneous nonlinear a l g e b r a i c  
equations. This secant subrout ine  and an  a s soc ia t ed  mat r ix  inve r s ion  subrou- 
t i n e  a r e  c a l l e d  from t h e  MARK I1 FSL Library  programs. 
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SECTION 4 .  EQUIPMENT PERFORMANCE 

Equipment design, performance, and usage inf luence  t h e  p rec i s ion  and ac- 
The experiment provided an opportuni ty  t o  curacy of ranging measurements. 

eva lua te  l i m i t a t i o n s  imposed by t h e  equipment. 

Bandwidth of t h e  ranging s i g n a l  in f luences  t h e  measurement prec is ion .  
Radio range measurements can only be made by measuring propagation time, and 
t h a t  i n  t u r n  by measuring t h e  i n t e r v a l  between a t r ansmi t t ed  and received 
waveform. Although t h e  modulating wave may t a k e  many forms, t h e  h ighes t  
range r e so lu t ion  t h a t  can be achieved i s  set by t h e  a b i l i t y  t o  measure t h e  
phase of t h e  highest  frequency component i n  the waveform. Phase measurement 
p rec i s ion  i s  r e l a t i v e l y  independent of frequency. A prec i s ion  of t h e  order  
o i  one degree i s  usua l ly  achievable  without r e f ined  techniques.  The higher  
t h e  frequency, t h e  b e t t e r  t h e  t iming reso lu t ion .  

The designer  does not usua l ly  have an  u n r e s t r i c t e d  choice of s i g n a l  band- 
I n  t h e  design of t h e  ranging experiment, t h e  r ad io  frequency and audio width. 

frequency bandwidths of a i r c r a f t  mobile communications were s e l e c t e d  a s  l i m i t s .  
This appears t o  have been a proper choice,  as it permits  eva lua t ion  of t h e  
technique wi th in  p r a c t i c a l  l imi t a t ions  set by e x i s t i n g  sa te l l i t e  comntunications 
equipment s p e c i f i c a t i o n s  and frequency a l loca t ions .  The p rec i s ion  achieved 
wi th in  these  bandwidth c o n s t r a i n t s  was s u f f i c i e n t  t o  reso lve  t h e  VHF propaga- 
t i o n  e f f e c t s .  

Measurement p rec i s ion  i s  a f f ec t ed  by noise ,  f o r  no ise  causes a " j i t ter"  
of t h e  s i g n a l  phase. I f  t h e  noise  i s  random, t h e  e r r o r  may be reduced by 
averaging a number of measurements. A s  t h e  s igna l - to-noise  r a t i o  becomes 
poorer, t h e  amount of j i t t e r  increases ,  and t h e  measurement p r e c i s i o n  decreases  
even i f  averaging i s  used. It i s  important i n  a ranging measurement t h a t  t h e  
p rec i s ion  be wi th in  acceptab le  l i m i t s  a t  t h e  poorest  s igna l - to-noise  r a t i o  t h a t  
i s  experienced. This w a s  insured by t h e  use of  frequency modulation t h a t  
yielded b e t t e r  s igna l - to-noise  r a t i o  of t h e  de tec ted  s i g n a l  t han  t h a t  of r ad io  
frequency s igna l ,  and by pos t -de tec t ion  f i l t e r i n g .  These techniques insured 
t h a t  an acceptable  phase measurement p rec i s ion  w a s  poss ib l e  whenever t h e  r ad io  
frequency s i g n a l  was s t rong  enough t o  be detected.  

Accuracy i s  a f f e c t e d  by t h e  t i m e  delay v a r i a t i o n s  of the equipment. The 
absolute  value of t h e  t i m e  delay i s  not important. I f  it does not change, it 
i s  subt rac ted  from t h e  measured i n t e r v a l  i n  c a l c u l a t i n g  t h e  range. However, 
i f  t h e  delay changes i n  an unknown way, it introduces an e r r o r  t h a t  cannot be 
compensated. Elec t ronic  c i r c u i t s  are subjec t  t o  changes i n  delay t i m e ,  wi th  
t h e  delay v a r i a t i o n s  tending t o  be g r e a t e r  i n  narrow bandwidth c i r c u i t s  than  
i n  wide bandwidth c i r c u i t s .  Delay v a r i a t i o n s  can occur i n  r ece ive r s  a s  a 
funct ion of s i g n a l  l eve l .  Bandpass f i l t e r s  such as r ece ive r  I F  s tages  may 
have t i m e  delay changes i f  t h e  c i r c u i t s  are s l i g h t l y  detuned. S igna ls  from 
d i f f e r e n t  u se r s  opera t ing  i n  t h e  same channel may experience d i f f e r e n t  t i m e  
delays i f  t h e i r  c a r r i e r  frequencies are not exac t ly  t h e  same. 
may be minimized by t h e  use  of temperature-s table  components and by c a r e f u l  
alignment t o  a s su re  a l i n e a r  phase c h a r a c t e r i s t i c  ac ross  a bandwidth t h a t  
includes a l l  s i g n i f i c a n t  frequency components of t h e  s igna ls .  ??M l i m i t e r s  
may introduce t i m e  delay v a r i a t i o n s  i f  they  do not l i m i t  symmetrically about 
t h e  I F  zero c ross ings  and d iscr imina tors  may introduce changing t i m e  delays 
i f  they a r e  improperly al igned,  

The e f f e c t s  
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The magnitudes of equipment t i m e  delay e f f e c t s  a r e  a func t ion  of band- 
width and a r e  independent of r ad io  frequency. Wider bandwidth a l l o c a t i o n s  
a t  L-band than  a t  VHF may be important i f  f u l l  advantage i s  t o  be r e a l i z e d  
from t h e  b e t t e r  propagat ion c h a r a c t e r i s t i c s .  

A l l  of t h e  f a c t o r s  in f luenc ing  p rec i s ion  and accuracy, including equip- 
ment delay c h a r a c t e r i s t i c s  and s igna l - to-noise  r a t i o  e f f e c t s ,  were measured 
f o r  t h e  var ious  equipments used i n  t h e  experiment and t h e  r e s u l t s  of t hese  
measurements a r e  presented  i n  d e t a i l  i n  t h i s  s ec t ion .  

Equipment T i m e  D e  l ay  

Each e l e c t r o n i c  c i r c u i t  con t r ibu te s  a t i m e  delay t o  t h e  i n t e r v a l  between 
t h e  i n i t i a t i o n  of an i n t e r r o g a t i o n  and t h e  f i n a l  readout of t h e  measurement 
a t  t h e  ground s t a t i o n .  The sum of t h e s e  delays must be known p r e c i s e l y  and 
subt rac ted  from t h e  t o t a l  delay t o  y i e l d  t h e  propagat ion i n t e r v a l .  
unce r t a in ty  introduced by unce r t a in ty  i n  equipment delay i s  t h e  same as t h a t  
f o r  propagation t i m e  unce r t a in ty ,  o r  approximately P 500 f e e t  f o r  1.0 micro- 
second. 
they must be known t o  wi th in  l i m i t s  app ropr i a t e  t o  t h e  accuracy requi red  of 
t h e  measurements. 

The range 

Although t h e  equipment delays may t o t a l  s e v e r a l  hundred microseconds, 

For a s ta t i s t ica l  es t imate  of system performance, t h e  delay u n c e r t a i n t i e s  
i n  ground equipment, s a t e l l i t e ,  and u s e r  equipment may be taken a s  t h e  root -  
sum-square of t h e i r  i nd iv idua l  u n c e r t a i n t i e s  s ince  they  are independent. The 
con t r ibu t ion  of t h e  ground s t a t i o n  and s a t e l l i t e  equipments can be maintained 
a t  a low va lue  because they  a r e  i n  s t a b l e  environments, and because they  are 
a v a i l a b l e  t o  t h e  ground te rmina l  f o r  frequent measurement and compensation o r  
c a l i b r a t i o n .  

An ope ra t iona l  system would inc lude  many use r  equipments subjec t  t o  a 
wide v a r i e t y  of environmental condi t ions  and maintenance s k i l l s .  
imprac t ica l  t o  expect t h a t  each use r  equipment be p re se t  and maintained t o  
have a predetermined t i m e  delay wi th in  t h e  l i m i t s  ass igned f o r  equipment time 
delay i n  t h e  e r r o r  budget of t h e  system. I f  t h i s  i s  t r u e ,  a b e t t e r  procedure 
may be f o r  t h e  ground te rmina l  t o  determine each u s e r ' s  t i m e  delay when t h e  
use r  i s  a t  a known loca t ion .  
address i n  t h e  computer memory. Computer program designers advise  t h a t  auto- 
matic c a l i b r a t i o n  i n  t h i s  manner i s  simple and does not t a x  t h e  computer 
memory e 

It may be 

The delay may then  be s to red  with t h e  u s e r ' s  

Narrow bandwidth c i r c u i t s  a r e  more ap t  t o  c o n t r i b u t e  time delay uncer- 
t a i n t y  than  wider bandwidth c i r c u i t s ,  because a phase e r r o r  caused by a non- 
l i n e a r  phase c h a r a c t e r i s t i c  i n  a f i l t e r  r ep resen t s  a l a r g e r  time e r r o r  a t  a 
low frequency than  t h e  same phase e r r o r  a t  a h igher  frequency. 
designing equipment f o r  t h e  experiment i n d i c a t e s  t h a t  f i l t e r s  employing a c t i v e  
components are subjec t  t o  l a r g e r  t i m e  delay u n c e r t a i n t i e s  t han  f i l t e r s  employ- 
ing only pas s ive  components. 
signed t o  keep t h e i r  t i m e  delay v a r i a t i o n s  t o  a n e g l i g i b l e  value. 

Experience i n  

D i g i t a l  switching and l o g i c  c i r c u i t s  can be de- 

Tone-code ranging has a d i s t i n c t  advantage because it does not r e q u i r e  an  
antenna d ip lexer .  
MHz and t ransmiss ion  on 154.89 MHz was t e s t e d  i n  a veh ic l e  on a co ld  win ter  
day and found t o  have i n t o l e r a b l e  t i m e  delay v a r i a t i o n s ,  depending on i t s  
temperature. A d ip l exe r  f o r  use with a ranging technique t h a t  r equ i r e s  

I n  a sepa ra t e  program, a d ip l exe r  f o r  r ecep t ion  of 157.86 
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simultaneous recept ion  and t ransmission by t h e  use r  equipment would have t o  
be c a r e f u l l y  designed t o  have a constant  time delay over a wide temperature 
range. A d ip lexer  co- located with an a i r c r a f t  o r  sh ip  antenna would be sub- 
j e c t  t o  l a rge  temperature changes. 

For any a c t i v e  ranging technique, t h e  use r  r ece ive r  must be designed 
fo r  minimum time delay va r i a t ions .  Receivers designed fo r  communications 
may have t i m e  delay v a r i a t i o n s  with tuning and wi th  s i g n a l  amplitude. 
Tuning v a r i a t i o n s  can be minimized by t h e  use of c r y s t a l  con t ro l  and proper 
alignment f o r  a l i n e a r  phase versus  frequency c h a r a c t e r i s t i c  i n  t h e  I F  and 
o ther  bandwidth l imi t ing  c i r c u i t s .  C a r r i e r  phase locking i s  h e l p f u l  i f  t h e  
received s i g n a l  frequency i s  not accurate .  

During t h e  experiment, no s i g n i f i c a n t  changes i n  t i m e  delay with tuning 
Time  delay var-  

One Bendix RTA41B a i r c r a f t  re -  
were observed with any of t h e  c r y s t a l - c o n t r o l l e d  rece ivers .  
i a t i o n s  with s i g n a l  amplitude were observed. 
ce ive r  was measured t o  have approximately 1.5 microseconds t o t a l  v a r i a t i o n  
i n  delay over i t s  dynamic range. It i s  understood t h a t  an ob jec t ive  i n  t h e  
design of t h e  rece iver  was t o  minimize time delay va r i a t ions .  A General 
E l e c t r i c  ER-52-A rece iver ,  designed f o r  mobile communications without con- 
s i d e r a t i o n  t o  t i m e  delay v a r i a t i o n s ,  w a s  found t o  have a t o t a l  v a r i a t i o n  i n  
time delay of approximately 7 microseconds. A d i f f e r e n t  l i m i t e r  w a s  sub- 
s t i t u t e d  f o r  t h e  o r i g i n a l  and t h e  t o t a l  v a r i a t i o n  reduced t o  l e s s  than  1 
microsecond, as shown i n  Figure 4-1. 

Figures 4-1 through 4-5 show equipment t i m e  delay a s  a func t ion  of s i g -  
n a l  s t r eng th  and of tuning f o r  s eve ra l  rece ivers .  

Signal- t  o-Noise 

Noise added t o  t h e  demodulated tone  causes j i t t e r  of t h e  zero c ross ings  
Probable phase e r r o r  on one cyc le  t h a t  a r e  used f o r  t h e  t iming measurement. 

may be est imated by a vec to r  add i t ion  of t h e  s igna l  and noise  phasors. 
suming t h a t  t h e  noise  has a gaussian d i s t r i b u t i o n ,  which i s  t h e  usua l  case 
when rece iv ing  s igna l s  from t h e  s a t e l l i t e ,  t h e  one sigma p robab i l i t y  phase 
e r r o r  i s  t h e  angle  i n  rad ians  between t h e  s i g n a l  vec to r  and s ignal-plus-noise  
r e su l t an t  when t h e  s i g n a l  and noise  vec tors  a r e  a t  r i g h t  angles ,  a s  follows: 

A s -  

n E 
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where En = RMS noise  vol tage  
Es = s i g n a l  vo l tage  
0, = 1 sigma phase e r r o r  i n  rad ians  

S 
E 

Signal - to-noise  r a t i o ,  dB = 20 log - 
En 

The phase measurement p rec i s ion  i s  improved by t h e  square root  of t h e  
number of  cyc les  averaged. 

For t h e  narrow bandwidth frequency modulation used i n  t h e  experiment, 
t h e  minimum s igna l - to -no i se  r a t i o  f o r  de t ec t ion  i s  5 dB i n  t h e  15 kHz band- 
width of t h e  r ece ive r ,  The equivalent s igna l - to -no i se  r a t i o  out of t h e  4 kHz 
bandwidth d e t e c t o r  i s  10 dB. The de tec ted  2.4414 kHz tone  i s  passed through 
a 120 Hz bandpass f i l t e r  before it i s  appl ied  t o  t h e  phase de t ec to r .  Con- 
s ide r ing  f l u c t u a t i o n  noise,  t h e  s igna l - to-noise  improvement provided by t h e  
bandpass f i l t e r  i s  4000/120, o r  15 dB. 
t h e  phase d e t e c t o r  i s  t h u s -  25 dB. The one sigma phase e r r o r  on a s i n g l e  
c y c l e  i s  

The lowest s igna l - to-noise  r a t i o  i n t o  

x 57.3Om 3O = E z  
The phase measurement i s  averaged over approximately 64 cyc les ,  t o  provide an 
improvement of approximately 8. The one sigma phase e r r o r  should thus  be 0.4 
degree., 
p r e c i s i o n  should be 

A s  t h e  per iod  of one audio cyc le  i s  409 microseconds, t h e  t iming 

0.4 x -- 409 0.45 microsecond 360 - 
Measurement of responder performance shows t h a t  t h e  t h e o r e t i c a l  p rec i s ion  

was not achieved a t  t h e  de t ec t ion  threshold .  Figure 4-6 r e l a t e s  RF s igna l - to -  
no ise  r a t i o  and one sigma timing p r e c i s i o n  as determined i n  labora tory  tests. 
Although t h e  experimental  r e s u l t s  are worse than  t h e  t h e o r e t i c a l  by a f a c t o r  
of 3:1, t h e  range measurement v a r i a t i o n  does not exceed p r a c t i c a l  l i m i t s  a t  
t h e  lowest received s i g n a l  l e v e l s ;  i.e. i f  t h e  s i g n a l  can be received a t  a l l ,  
i t  i s  p r e c i s e  enough t o  be used. 

Tests were conducted t o  determine t h e  performance of t h e  phase matching 
and c o r r e l a t i o n  process with var ious  s igna l - to -no i se  r a t i o s .  The tests were 
performed a t  baseband (no RF l ink )  by summing t h e  output of t h e  ground te rmina l  
tone-code genera tor  wi th  f l u c t u a t i o n  no i se  and feeding t h e  r e s u l t i n g  output 
d i r e c t l y  i n t o  t h e  ground te rmina l  c o r r e l a t o r .  The ground te rmina l  c o r r e l a t o r  
uses  t h e  same phase matching process as a responder. RMS-signal-to-RMS-noise 
r a t i o s  were measured a t  t h e  output of t h e  4 kHz low pass  f i l t e r  used i n  both 
t h e  ground te rmina l  c o r r e l a t o r  and a responder. The s i g n a l  was he ld  constant 
a t  1 v o l t  RMS while t h e  no i se  w a s  ad jus t ed  t o  g ive  t h e  des i r ed  s igna l - to-noise  
r a t i o .  Each was measured i n  t h e  absence of t h e  o t h e r  using a Hewlett-Packard 
1400A RMS voltmeter.  A block diagram of t h e  test  set-up i s  shown i n  Figure 4-7. 

The tes t  cons i s t ed  of determining t h e  standard dev ia t ion  and number of 
b i t s  i n  e r r o r  i n  t h e  30 b i t  u se r  code i n  t h e  absence of a d d i t i v e  no i se  and 
f o r  s igna l - to-noise  r a t i o s  between 20 dB and 0 dB. 

Data were c o l l e c t e d  f o r  t e n  minutes f o r  each s igna l - to-noise  r a t i o .  The 
code genera tor  was caused t o  give an  output once p e r  two seconds r e s u l t i n g  i n  
300 c o r r e l a t i o n s  f o r  each tes t  condition. The t i m e  i n t e r v a l  measurements f o r  
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determining t h e  s tandard devia t ion  were t h e  intervals from code genera t ion  
t o  co r re l a t ion .  

Since each c o r r e l a t i o n  involves t h e  monitoring of a code which i s  30 
b i t s  i n  length  (15 b i t s  word synchplus  15 b i t s  address ) ,  t h e  maximum number 
of b i t s  monitored during t h e  t e n  minutes i s  9,000. 
t i o n ,  t h e  number w i l l  be reduced by 30 b i t s .  

For each missed c o r r e l a -  

The r e s u l t s  of t h e  test  are presented i n  Table 4-1. The b i t s  i n  e r r o r  
are shown f o r  both t h e  word synchand address  s i n c e  they were monitored inde- 
pendently. The t o t a l  b i t s  i n  e r r o r  i s  t h e i r  sum. Also presented are t h e  
number of missed c o r r e l a t i o n s  and t h e  maximum devia t ions  from t h e  mean i n  
both p o s i t i v e  and negat ive  d i r ec t ions .  The number of b i t s  monitored i s  9,000 
minus 30 t i m e s  t h e  number of missed c o r r e l a t i o n s ,  PE i s  t h e  b i t  e r r o r  proba- 
b i l i t y  and w a s  c a l c u l a t e d  by d iv id ing  t h e  number of  b i t s  i n  e r r o r  by t h e  num- 
ber  of b i t s  monitored. 

During t h e  t es t ,  as during a l l  t h e  experiments, t h e  c o r r e l a t o r  t h re sho ld  
l e v e l s  on both word synchand address  were set such t h a t  c o r r e l a t i o n s  w i l l  not 

. occur i f  t h e r e  are more than  3 b i t s  i n  e r r o r  i n  e i t h e r  word synch o r  address .  

B i t  e r r o r  p robab i l i t y ,  percent  c o r r e l a t i o n s  and s tandard devia t ion ,  are  
each p l o t t e d  as a func t ion  of s igna l - to-noise  r a t i o  i n  Figures  4-8, 4-9 and 
4-6 respec t ive ly .  The d i s t r i b u t i o n s  of t i m e  i n t e r v a l  measurements (histogram) 
f o r  each s igna l - to-noise  r a t i o  are presented  i n  Figures  4-10 through 4-16. 

A measure of system performance i n  t e r m s  of accuracy and r e l i a b i l i t y  i s  
provided by comparison of t h e  s o l i d  and dashed t h e o r e t i c a l  curves  shown i n  
f igu res  4-6 and 4-8 respec t ive ly .  

- The t e r m  r e l i a b i l i t y  i s  used he re  i n  re ference  t o  t h e  p r o b a b i l i t y  of a 
successfu l  co r re l a t ion .  This i s  d i r e c t l y  r e l a t e d  t o  t h e  b i t  e r r o r  rate. 
Figure 4-8 p re sen t s  b i t  e r r o r  p r o b a b i l i t y  as a func t ion  of s igna l - to-noise  
r a t i o  w i t h i n  a 4 kHz bandwidth. The dashed curve i s  t h e o r e t i c a l ( 1 )  and i s  
r ep resen ta t ive  of t h a t  which can be achieved us ing  an  optimum f i l t e r .  Both 
curves are f o r  on-off modulation. Comparison of t h e s e  curves i n d i c a t e s  t h a t  
t h e  present  system i s  opera t ing  below optimum by a maximum of 3 dB. System 
r e l i a b i l i t y  can be improved by 3 dB i f  phase modulation (polar )  i s  used. 

A measurement of  system accuracy i s  provided i n  Figure 4-6. The dashed 
curve which provides a measure of system performance w a s  der ived based on 
material presented by Mischa Schwartz(2).  
p r o b a b i l i t y  dens i ty  func t ion  f o r  t h e  phase of a s inuso ida l  s i g n a l  i n  t h e  
presence of  gaussian noise .  

I n  h i s  material, he der ives  t h e  

( R e f .  2)  The expression f o r  f (0 )  i s  as follows: 

2 -S cos 8 e s i n 2  0 ~i + erf (S cos 011 

where S = s igna l - to-noise  vol tage  r a t i o .  
reduces t o  f (0 )  = 1/2fi, as expected. 
181 < 5 O ,  t h i s  express ion  reduces t o  

For S2 = 0 (no s igna l )  t h e  equat ion 
For s igna l - to-noise  r a t i o s  >>1 and 
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FIGURZ 4-8 

BIT ERROR PROBABILITY AS A FUNCTION OF 
SIGNAL-TO-NOISE RATIO WITHIN A 4 kHz AUDIO BANDWIDTH 

(1) 
Theoretical Curve 
Using Optimum Filter 
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SZGURE 4-9 

PERCENTAGE OF CORRELATIONS AS A FUNCTION OF 
SIGNAL-TO-NOISE RATIO WITHIN A 4 kHZ AUDIO BANDWIDTH 



FIGURE 4-10 

DISTRIBUTION OF TIME INTERVAL MEASUREMENTS FOR 
SIGNAL-TO-NOISE RATIO OF?20 dB WITHIN A 
4 kHz BANDWIDTH, I.E. NOISE GENERATOR OFF 

Time Interval Measurement in Microseconds 

Standard Deviation 0.4046 
100 Percent Correlations 
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FIGtmE 4-11 

DISTRIBUTION OF TII& INTERVAL MEASUReMENTS 
FOR A SIGNAL-TO-NOISE RATIO OF 18 dB 

WITHIN A 4 kHz BANDWIDTH 
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FIGURE 4-12 

DISTRIBUTION OF TIME INTERVAL MEASURENESTS 
FOR A SIGNAL-TO-NOISE RATIO OF 14 dB 

WITHIN A 4 kHz BANDWIDIX 

Time Interval Measurement i n  Microseconds 

Standard Deviation 0.8592 
100 Percent Correlations 
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FIGURE 4-13 

DISTRIBUTION OF TIME INTERVAL MEASUREMENTS 
FOR A SIGNAL-TO-NOISE RATIO OF 10 dB 

WITHIN A 4 kJ3z BANDWIDTH 

Time Interval Measurement in  Microseconds 

Standard Deviation 1.283 
100 Percent Correlations 

4-19 



FIGURE 4-14 

DISTRIBUTION OF TIME INTERVAL MEASUREMENT 
FOR A SIGNAL-TO-NOISE RATIO OF 6 dB 

WITHIN A 4 kHz BANDWIDTH 
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2 2  -s 0 e f (0 )  = 

4 2  
This r ep resen t s  a gaussian d i s t r i b u t i o n  with zero mean and s tandard dev ia t ion  

radians.  (J = -  1 

Sfi 

The d i g i t a l  phase lock loop has a bandwidth of approximateIy 5 Hz  r e s u l t i n g  
i n  a 30: l  improvement on t h e  s igna l - to-noise  r a t i o  a t  t h e  output of t h e  4 kHz 
low pass  f i l t e r .  I f  s igna l - to-noise  r a t i o s  of 0 dB and g r e a t e r  w i th in  a 4 
kHz bandwidth are considered, then  t h e  expression 

i s  va l id .  This  i s  app l i cab le  s ince  t h e  equivalent  s igna l - to-noise  r a t i o  with- 
i n  t h e  loop bandwidth i s  2 30 dB ( r a t i o  of 30: l )  which i s  much g r e a t e r  t han  1. 
The dashed curve w a s  generated by c a l c u l a t i n g  t h e  s tandard devia t ion  as a 
func t ion  of s igna l - to-noise  r a t i o  us ing  t h e  expression 

radians and convert ing t o  microseconds via t h e  r e l a t ionsh ip  

1 rad = - degrees 
7l 

and one per iod  of a 2.4414 kHz waveform i s  equal t o  409 microseconds. 
fo re  

There- 

180 degrees 409 microseconds rad ians  x (J = -  1 
fi rad ians  360 degrees SV7 

o r  

46 
S (J = - microseconds 

A comparison of t h e s e  curves ind ica t e s  a poss ib l e  3 : l  improvement i n  accuracy. 

In t e r roga t ion  Response Rate 

Many thousands of i n t e r roga t ions  were made t o  ranging t ransponders  during 
t h e  experiment. The usua l  i n t e r roga t ion  ra te  w a s  once each t h r e e  seconds a l -  
though in t e r roga t ion  ra tes  of once each two seconds and once per  second were 
a l s o  used successfu l ly .  During some i n t e r r o g a t i o n  per iods,  t h e  t ransponders  
r e l i e d  on nea r ly  every in t e r roga t ion  but during some per iods t h e  i n t e r r o g a t i o n  
r a t e  w a s  lower than  would be acceptable  i n  an opera t iona l  system. There were 
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seve ra l  f a c t o r s  t h a t  cont r ibu ted  t o  lower response rates, some of them de- 
l i b e r a t e l y  designed i n t o  t h e  experiment t o  study propagat ion e f f e c t s ,  and 
some f a c t o r s  t h a t  suggest precaut ions  t h a t  must be taken  i n  t h e  design of a 
ranging system. 

The poorest  propagat ion l i n k  was usua l ly  t h e  one from t h e  s a t e l l i t e  t o  
t h e  transponder. I r r e g u l a r l y  shaped antenna p a t t e r n s ,  Faraday r o t a t i o n ,  and 
sea r e f l e c t i o n s  sometimes caused t h e  s i g n a l  l e v e l  i n t o  t h e  veh ic l e  t r a n s -  
ponder t o  drop below t h e  d e t e c t i o n  threshold .  S igna l  amplitude s c i n t i l l a t i o n  
due t o  t h e  ionosphere occurred in f r equen t ly  but w a s  observed. S c i n t i l l a t i o n  
causes amplitude fading over a l a r g e  range a t  VHF and can cause t h e  s i g n a l  t o  
f a l l  below t h e  de t ec t ion  threshold .  

The Sea Robin buoy w a s  i n t e r roga ted  a t o t a l  of 2525 times during t h e  
per iods  of Apr i l  14 through 25, 1969 and May 9 and 10, 1969. One thousand 
seven hundred eleven responses were rece ived  a t  t h e  Observatory. 
860 r e s u l t e d  i n  successfu l  range measurements. The design of t h e  experiment 
caused a d e l i b e r a t e  reduct ion  i n  t h e  response r a t e  i n  order t o  observe t h e  
e f f e c t s  of Faraday r o t a t i o n .  I n t e r r o g a t i o n  per iods  were t h r e e  minutes long. 
The best  r ece ive  p o l a r i z a t i o n  f o r  t h e  buoy was s e l e c t e d  j u s t  p r i o r  t o  t h e  
t h r e e  minute i n t e r r o g a t i o n  per iod  and t h a t  rece ive  p o l a r i z a t i o n  a t  t h e  buoy 
was used throughout t h e  e n t i r e  test  period. The responses from t h e  buoy 
during t h e  f i r s t  minute and one-half were of t h e  same p o l a r i z a t i o n  as t h e  
r ece ive r  but during t h e  second minute and one-half they  were t r ansmi t t ed  with 
t h e  orthogonal po la r i za t ion .  
d i f f e r e n t  frequencies and Faraday r o t a t i o n  v a r i e s  as l / f 2 ,  t h e  p re fe r r ed  
o r i e n t a t i o n  of l i n e a r l y  po la r i zed  antennas can be d i f f e r e n t  a t  t h e  two f r e -  
quencies. During t h a t  per iod  of t h e  experiment t h e  ground te rmina l  antenna 
had v e r t i c a l  o r  ho r i zon ta l  p o l a r i z a t i o n  but t h e  p o l a r i z a t i o n  was t h e  same 
for  both t ransmiss ion  and reception. A t  a later t i m e  t h e  ground te rmina l  
w a s  arranged f o r  independent s e l e c t i o n  on a t ransmiss ion  and recept ion .  The 
e f f e c t s  of Faraday r o t a t i o n  were evident i n  t h e s e  experiments because s i g n a l  
l e v e l s  were o f t e n  much b e t t e r  when d i f f e r e n t  p o l a r i z a t i o n s  were used f o r  
t ransmiss ion  and recept ion .  I f  t h e  s a t e l l i t e  were c i r c u l a r l y  po la r i zed  t h e  
response r a t e  would be improved by reducing t h e  e f f e c t s  of Faraday r o t a t i o n .  

Of these ,  

Since t h e  up-l ink and down-link pa ths  a r e  a t  

S igna ls  r e f l e c t e d  from t h e  sea combined with t h e  d i r e c t  s i g n a l  from t h e  
s a t e l l i t e  t o  enhance o r  reduce t h e  s i g n a l  l e v e l  i n t o  t h e  antenna. When t h e  
d i r e c t  and r e f l e c t e d  s i g n a l s  a r r i v e  i n  phase, t h e  s i g n a l  l e v e l  can be as much 
as 3 dB s t ronge r  than  t h e  d i r e c t  s i g n a l  alone, but when they  a r r i v e  out of 
phase they t end  t o  cance l  and t h e  s i g n a l  l e v e l  may drop below t h e  d e t e c t i o n  
threshold ,  For a v e h i c l e  wi th  an antenna a few wavelengths above t h e  sea 
surface,  a s  on a ship o r  t h e  Sea Robin buoy, t h e  e f f e c t  i s  t o  produce an an- 
tenna p a t t e r n  with lobes represent ing  good s i g n a l  r ecep t ion  a l t e r n a t i n g  
with n u l l s  i n  t h e  v e r t i c a l  plane. A s  t h e  sea su r face  t i l t s  and t h e  antenna 
moves due t o  t h e  a c t i o n  of t h e  waves, t h e  lobe p a t t e r n  moves i n  e l e v a t i o n  
angle t o  cause an a l t e r n a t e  enhancement and c a n c e l l a t i o n  of t h e  rece ived  
s ignal .  I n  t h e  experiment t h e  t r ansmi t t ed  and received wavelengths were 
d i f f e r e n t ,  making t h e  lobe p a t t e r n s  d i f f e r e n t  f o r  r ecep t ion  and transmission. 
A successfu l  i n t e r r o g a t i o n  occurred when t h e  lobe p a t t e r n s  permi t ted  adequate 
s i g n a l  s t r eng ths  on both t h e  up and down l inks .  Tone-code ranging r equ i r e s  a 
s i g n a l  du ra t ion  s h o r t e r  t han  t h e  r o l l  per iod  of a buoy o r  ship and t h e r e f o r e  
a successfu l  i n t e r r o g a t i o n  can be made except when a n u l l  i n  t h e  p a t t e r n  i s  
d i r e c t e d  toward t h e  s a t e l l i t e .  Other techniques t h a t  r equ i r e  longer s i g n a l  
transmissions f o r  range measurement may s u f f e r  g r e a t e r  d e t e r i o r a t i o n  due t o  
t h e  r o l l i n g  of t h e  c r a f t .  The e f f e c t  of sea r e f l e c t i o n  can be minimized by 
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t h e  use of c i r c u l a r  p o l a r i z a t i o n  on t h e  sa te l l i t e  and t h e  c r a f t ,  i f  t h e  ele- 
v a t i o n  angle  t o  t h e  sa te l l i t e  i s  above t h e  Brewster angle,  Then t h e  r o t a t i o n  
sense of t h e  r e f l e c t e d  s i g n a l  i s  reversed, i t s  amplitude i s  reduced r e l a t i v e  
t o  t h e  d i r e c t  s i g n a l  and t h e  depth of t h e  n u l l s  i s  reduced. 

Sea r e f l e c t i o n s  a f f e c t  received s i g n a l  amplitude i n  a i r c r a f t  much a s  
they do i n  sh ips ,  Because of t h e  h igher  a l t i t u d e ,  t h e  n u l l s  a r e  very c l o s e l y  
spaced i n  e l e v a t i o n  and a i r c r a f t  can f l y  f o r  s e v e r a l  seconds i n  s t r a i g h t  and 
level f l i g h t  i f  t h e  s a t e l l i t e  i s  abeam, but i f  t h e  a i r c r a f t  i s  f l y i n g  towards 
o r  away from t h e  sa te l l i t e  o r  climbing o r  descending it passes through t h e  
in t e r f e rence  p a t t e r n  quickly and r ap id  fading of t h e  s igna l  may be experienced. 
An antenna p a t t e r n  designed t o  d iscr imina te  aga ins t  t h e  r e f l e c t e d  s i g n a l  can 
reduce o r  nea r ly  e l imina te  t h e  e f f e c t ,  
t h e  sa te l l i t e  and a i r c r a f t  would be he lp fu l .  

The use of c i r c u l a r  p o l a r i z a t i o n  on 

Lower response rates were experienced i n  a i r c r a f t  when using t h e  VHF 
blade antenna than  when us ing  t h e  Satcom antenna, due i n  p a r t  t o  sea r e f l e c -  
t i o n s ,  but a l s o  t o  t h e  poor azimuth and e l eva t ion  p a t t e r n  c h a r a c t e r i s t i c s  of 
t h e  VHF blade. During some periods of f l i g h t  t h e  response r a t e  approached 
100 percent f o r  t h e  a i r c r a f t  when t h e  Satcom antenna was i n  use. I n  c e r t a i n  
f l i g h t  d i r e c t i o n s  using t h e  VHF blade antenna, t h e  response r a t e  was as low 
as 10 ole 20 percent ,  e s p e c i a l l y  when t h e  a i r c r a f t  was i n  a noisy environment 
as whey f l y i n g  i n  t h e  v i c i n i t y  of thunder  storms. 

The mast and o the r  s t r u c t u r e s  of t h e  Cu t t e r  Valiant had a l a r g e  e f f e c t  
on t h e  p a t t e r n  of t h e  omnidirect ional  antenna. 
po la r i zed  antenna had a clear view i n  t h e  d i r e c t i o n  of  t h e  satel l i tes ,  t h e  
i n t e r r o g a t i o n  response rate was near ly  100 percent .  When t h e  mast was be- 
tween t h e  sa te l l i t e  and t h e  antenna, t h e  response rate dropped t o  below 50 
percent. 

When t h e  low ga in  c i r c u l a r l y  

S c i n t i l l a t i o n  i n  t h e  recept ion  of a VHF s i g n a l  from a s a t e l l i t e  r e s u l t s  
from focusing of t h e  s i g n a l s  due t o  ho r i zon ta l  g rad ien t s  of e l e c t r o n  dens i ty  
i n  t h e  ionosphere. The columnar e l e c t r o n  content seldom v a r i e s  more t h a n  two 
percent,  so t h e  g rad ien t s  have very l i t t l e  e f f e c t  on t h e  propagat ion delay 
t i m e  and t h e r e f o r e  do not s i g n i f i c a n t l y  a f f e c t  t h e  accuracy of range measure- 
ments, However, t h e  focusing of t h e  energy causes t h e  s i g n a l  s t r e n g t h  t o  be 
high a t  some po in t s  on t h e  ground and low a t  o the r  po in ts .  Because t h e  den- 
s i t y  v a r i a t i o n s  move ho r i zon ta l ly ,  t h e  s i g n a l  s t r e n g t h  observed a t  a f ixed  
poin t  may vary  from a s t rong  enhancement t o  almost complete cance l l a t ion .  
The fading per iods  vary from seconds t o  minutes. The s i g n a l  l e v e l  may f a l l  
below t h e  d e t e c t i o n  th re sho ld  f o r  per iods  on t h e  order of a few seconds. The 
propor t ion  of t i m e  t h a t  t h e  s i g n a l  i s  below t h e  threshold  i s  i n  p a r t  a func- 
t i o n  of t h e  fading margin designed i n t o  t h e  propagat ion l i n k s ,  but it would 
not be p r a c t i c a l  t o  allow s u f f i c i e n t  margin t o  guarantee 100 percent response 
a t  VHF frequencies. The e f f e c t  i s  smaller a t  h igher  frequencies,  S c i n t i l l a -  
t i o n  i s  experienced a t  high l a t i t u d e s  more f requent ly  than  a t  mid- la t i tudes .  
The e f f e c t  on a ranging system need not be se r ious  i f  t h e  ranging techniques 
r equ i r e  sho r t  i n t e r r o g a t i o n  per iods ,  a l though it may r equ i r e  t h a t  a use r  be 
in t e r roga ted  more than  once during t h e  t i m e s  when s c i n t i l l a t i o n  i s  present 
i n  order  t o  in su re  t h a t  a response i s  obtained. 

The t ransmiss ion  l i n k s  from ATS t o  t h e  experimental transponders were 
considered t o  be marginal. 
t h a t  modest design changes would in su re  r e l i a b l e  performance a t  VHF. 
design changes would inc lude  t h e  use of c i r c u l a r  p o l a r i z a t i o n  on t h e  s a t e l l i t e  

However, it i s  concluded from t h e  experiments 
These 
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and more s u i t a b l e  design of t h e  antennas on t h e  mobile vehic les .  
e f f e c t i v e  r ad ia t ed  power from t h e  s a t e l l i t e  would be des i r ab le ,  it would 
probably not be necessary. 

While g r e a t e r  

An occasional f a l s e  c o r r e l a t i o n  was experienced i n  t h e  mobile c r a f t ,  and 
a t  t h e  te rmina l .  Under noisy condi t ions  f a l s e  c o r r e l a t i o n s  were observed more 
than  one percent of t h e  t i m e .  A one percent f a l s e  c o r r e l a t i o n  rate would not 
be acceptab le  i n  a system involving a l a r g e  number of user  c r a f t ,  f o r  t h e r e  
would be frequent t ransmiss ions  from c r a f t  t h a t  were not i n t e r roga ted ,  t hus  
tending t o  increase  i n t e r f e r e n c e  on t h e  t ransmiss ion  l inks.  Several  simple 
measures a r e  now apparent t h a t  would improve t h e  des ign  of t h e  codes and in-  
su re  an acceptably low rate of f a l s e  in t e r roga t ions .  These improvements i n -  
clude t h e  use  of phase r e v e r s a l  modulation i n  t h e  codes t o  improve t h e  s igna l -  
to--noise r a t i o  by 3 dB and ga t ing  t o  insure  t h a t  t h e  c o r r e l a t o r s  search  only 
f o r  t h e  code and are not a c t i v a t e d  by no i se  during per iods  when code t r a n s -  
missions a r e  not being received. 

Experience gained during t h e  program has r e s u l t e d  i n  t h e  d e f i n i t i o n  of 
engineering design changes which could r e s u l t  i n  r e l i a b l e  performance wi th in  
t h e  c o s t ,  s i z e  and power c o n s t r a i n t s  used i n  t h e  experimental design. 
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SECTION 5. ATMOSPHERIC PROPAGATION EFFECTS 

A major ob jec t ive  of t h e  experiment was t o  ob ta in  da ta  on t h e  e f f e c t  of 
t h e  ionosphere on t h e  ranging and p o s i t i o n  f ix ing  accuracy of range measure- 
ments from s a t e l l i t e s  a t  VHF. The up- and down-link frequencies  of t h e  ATS 
s a t e l l i t e s  are near  t h e  lower l i m i t  t h a t  may be considered f o r  u s e f u l  range 
measurements. 

The l a r g e s t  e f f e c t  of t h e  ionosphere i s  propagat ion t i m e  delay because 
t h e  index of r e f r a c t i o n  of t h e  ionosphere i s  d i f f e r e n t  t han  t h a t  of f r e e  space. 
I n  add i t ion  t o  t h e  t i m e  delay t h e  r e f r a c t i v e  e f f e c t  causes bending of t h e  ray 
so t h a t  t h e  r ay  pa th  length  between t h e  s a t e l l i t e  and t h e  e a r t h ' s  su r f ace  i s  
in=  rea sed. 

The presence of t h e  e a r t h ' s  magnetic f i e l d  i n  t h e  ionosphere causes a 
r o t a t i o n  of t h e  plane of p o l a r i z a t i o n  of a rad io  s igna l ,  c a l l e d  Faraday ro t a -  
t i o n ,  t h a t  can inf luence  t h e  s t r eng th  of a received r a d i o  s i g n a l  un less  c i r cu -  
l a r  p o l a r i z a t i o n  i s  employed. 

There i s  a propagation delay o r  r a d i o  wave r e t a r d a t i o n  i n  t h e  troposphere 
as wel l  as i n  t h e  ionosphere. Tropospheric r e t a r d a t i o n  i s  independent of f r e -  
quency. A t  sea l eve l ,  100 percent humidity, and zero e leva t ion ,  it i s  116 
meters(1). 
t h e  s a t e l l i t e  and h i s  a l t i t u d e .  

It decreases  wi th  increas ing  e l eva t ion  angle  from t h e  observer t o  

A summary of atmospheric propagation e f f e c t s  i s  presented i n  Table 5-1. 

Ionospheric B i a s  Er ror  

The ionospheric  r e t a r d a t i o n  a t  VHF i s  usua l ly  much g r e a t e r  than  t h e  t ropo-  
spher ic  r e t a rda t ion .  During undis turbed daytime and night t ime condi t ions  t h e  
one-way range b i a s  due t o  t ropospher ic  and ionospheric  r e t a r d a t i o n  i s  as shown 
i n  Figure 5-1. It i s  expected t h a t  co r rec t ions  based on p red ic t ions  of elec- 
t r o n  content i n  t h e  ionosphere may reduce t h e  b i a s  e r r o r s  of t h e  ionosphere t o  
wi th in  20 t o  40 percent  of t h e  t o t a l  b ias .  

I f  c a l i b r a t i o n  s t a t i o n s  were used i n  conjunct ion  wi th  range determinat ion 
measurements it i s  probable t h a t  co r rec t ions  t o  less than  10 percent  of t h e  
t o t a l  range b i a s  might be achieved i n  t h e  region surrounding t h e  s t a t i o n  
assuming t h a t  t h e  d i s t ance  from t h e  sa te l l i t e  t o  t h e  s t a t i o n  were accu ra t e ly  
known. The c a l i b r a t i o n  s t a t i o n s  could be  equipped wi th  repea ters  l i k e  those  
used i n  mobile c r a f t .  The known range from t h e  s a t e l l i t e  would be subt rac ted  
f o r  a c a l i b r a t i o n  range measurement t o  der ive  a n  accura te  range cor rec t ion .  

Unpredictable s o l a r  dis turbances can  cause changes i n  t h e  ionosphere t h a t  
can increase  range b i a s  by more than  50 percent  over t h e  values  shown i n  
Figure 5-1 a t  high l a t i t u d e s  and cause even l a r g e r  changes i n  t r o p i c a l  regions.  
I f  range measurements from two sa te l l i t es  were used f o r  f i x  determinat ion 
without an appl ied  co r rec t ion ,  t h e  e f f e c t  of t h e  dis turbance would be an ap- 
parent  systematic  displacement of a l l  t h e  c r a f t  i n  a l imi ted  area. The rela- 
t i v e  p o s i t i o n  determinat ions of t h e s e  c r a f t  would not be s i g n i f i c a n t l y  a f f ec t ed .  

More da t a  are needed on t h e  s i z e  of t h e  area i n  which t h e  information from 
a c a l i b r a t i o n  s t a t i o n  can be used, and t h e r e f o r e  t h e  number requi red  i n  t h e  
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FIGURE 5-1. ONE-WAY RANGE BIAS DUE TO TROPOSPHERIC AND IONOSPHERIC RETARDATION 

(L 
0 

(L 
W 

a 

0 10 20 30 40 50 60 

ELEVATION ANGLE (DEGREES) 

8 a -a 
W 
W 
(3 
‘2 

K 
a 

5-2 



A
 

m k 
a, 
u cd 
a
 

k
 

0
 

w
 

a, 

v1 
L
I 
0
 

a, 
w

 
w

 
w
 g 4
 

u
 l-d 

M
 

l-d 
a
 

0
 

k
 

P.l u 
.rl 
k
 

a, 
s
 a 

v1 
0
 

H
 

a
 E 5 %
 u 

.d
 

Ll a, 

v1 
0
 
a
 

0
 

k
 

E-l 

d
 

I
 

rn a, 
4

 
P

 
l-d 
E-l 

II 
II 

II 
I
I
I
I
I
I
 

I
I
I
I
I
I
I
I
 

II 5
 

w
 

a
 

m 0
 

V
 

5
7
 

m 0
 

0
 h
 

s
 

k“+ 
2s 
I
 

E
 

d
 

I m 0
 

u I
 

x h
 

Y
 
c
 

+
I 

c
-
7

 0
 

0
 

r
l 

CD 
M

 

hl I1 

4
 

3
 

.
!
i 

3
 m E
 

w
f

 u 

II P
 

Lw
 

a
 

I 

r
l 

II 

E: 

0
 

a, 
cd 

m a
m

+
 

.r
l 

k
 

8 
-da 0

 
cd 

.8 
E”&

:: .rl 
+

 
4
 

o
a

,
?

 

0
 

k
 

a, 

m 0
 

.rl 

.da a
 

o
;

?
 

5 -3 



FIGURE 3-2  
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area served. 
ca se  reported by Mendillo, e t  a1 (2 ) ,  Figure 5-2. 
occurred a t  t h e  peak of t h e  disturbance, and t h e  t o t a l  e l e c t r o n  content 
dropped by a f a c t o r  of t e n  i n  one hour, It would have caused a change i n  
t o t a l  range b i a s  from approximately 2700 t o  270 meters f o r  an e l e v a t i o n  of 
20 degrees, Assuming t h a t  t h e  p r i n c i p a l  cause of t h e  decay i s  r e l a t e d  t o  
sunset ,  t h e  east-west grad ien t  of e l e c t r o n  dens i ty  and hence range b i a s  
would have been over a d i s t ance  approximating t h e  d i s t ance  t h e  terminator 
moved over t h e  e a r t h  i n  one hour, o r  approximately 1000 kilometers.  Ca l i -  
b ra t ion  s t a t i o n s  a t  1000 ki lometer  i n t e r v a l s  would probably have been suf- 
f i c i e n t  t o  determine t h e  range b i a s  c o r r e c t i o n  during t h a t  event. 

However, an estimate can be made on t h e  b a s i s  of an extreme 
I n  t h a t  ins tance ,  sunset 

Ionospheric t i m e  delay i s  reduced as 1 / f 2  so  t h a t  it would be n e g l i -  
g i b l e  a t  L-band, 1540-1660 MHz. However, a t  t h a t  h igher  frequency, t h e  de- 
s ign  of aerodynamically acceptab le  antennas having t h e  requi red  r a d i a t i o n  
p a t t e r n  presents a problem t h a t  has  not been s a t i s f a c t o r i l y  solved. 
s t a t e d  i n  a previous study(31, 400 t o  700 MHz i s  t h e  0pt:imum frequency band 
f o r  most a p p l i c a t i o n s  of range measurements from s a t e l l i t e s .  

A s  

The t i m e  delay i n  t h e  ionosphere i s  important a t  135 t o  150 MHz because 
t h e  exact delay a t  any t i m e  o r  p lace  cannot be r ed ic t ed  accura te ly .  An 

t h e  computer program f o r  determining f ixes .  (Appendix 11) The procedure 
for  including t h e  b i a s  i n  t h e  f i x  determinat ion w a s  t o  compute t h e  f i x  on 
t h e  bas i s  of t h e  measurements without c o r r e c t i o n  t o  f ind  t h e  approximate 
l o c a t i o n  of t h e  user equipment, t hen  t o  determine t h e  t i m e  of day a t  t h e  
u s e r ' s  loca t ion .  An ionospheric c o r r e c t i o n  f o r  each s a t e l l i t e - t o - u s e r  ray 
pa th  was determined from t h e  ionospheric model. 
then co r rec t ed  i n  accordance with t h e  e s t ima tes  derived from t h e  model, t h e  
f i x  w a s  immediately recomputed and then  p r i n t e d  out. 

ionospheric model adapted from Lawrence, et a l (  1 and Millmanfl) w a s  used i n  

The range measurements were 

Propagation delay due t o  t h e  slowing of t h e  wave v e l o c i t y  as it passes 
through t h e  ionosphere w a s  s tud ied  by a n a l y s i s  of da t a  previously obtained 
during a separa te ,  General E l e c t r i c  Company- funded program. 

The sepa ra t e  i n v e s t i g a t i o n  of propagat ion e f f e c t s  conducted a t  t h e  Radio- 
Opt ica l  Observatory employed s i g n a l s  from t h e  s-66 and t h e  GEOS-I sa te l l i tes .  
The passes over Schenectady included a l l  azimuth and e l e v a t i o n  angles  a t  
changing times of day. 
minutes, so t h a t  an e s s e n t i a l l y  s t a t i o n a r y  ionosphere was scanned. 

The passes had a maximum period of approximately 20 

The satel l i tes  t r ansmi t t ed  h ighly  s t a b l e ,  phase-coherent s i g n a l s  a t  162 
and 324 MHz. 
t h e  Observatory. A 30-foot s t e e r a b l e  antenna was used t o  rece ive  t h e  s i g n a l s  
so  t h a t  t h e  da ta  were not no t iceably  d i s tu rbed  by noise ,  The vo l t age  con t ro l l ed  
o s c i l l a t o r s  of t h e  two phase-locked r ece ive r s  were on t h e  same frequency. I f  
t h e r e  were no ionosphere, they would have a constant phase d i f f e r e n c e  between 
them when locked t o  t h e  coherent s i g n a l s  from t h e  satel l i te ,  Doppler s h i f t  
was channeled out by t h i s  process. A t  a poin t  i n  t h e  frequency mul t ip ly ing  
cha ins  where both s i g n a l s  were a t  162 MHz, t h e  s i g n a l s  were appl ied  t o  a 
phase comparator and thence t o  a paper c h a r t  recorder.  The i n t e g r a l  of t h e  
phase d i f f e rence  was a l s o  recorded. Once cyc le  of phase d i f f e rence  w a s  re- 
corded each t i m e  t h e  pa th  delay d i f f e r e n c e  changed by t h e  per iod of one cyc le  
a t  162 MHz (6.07 f e e t ) ,  A por t ion  of a recording i s  shown i n  Figure 5-3. 

They were received on h ighly  s t a b l e  phase-locked r ece ive r s  a t  
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P l o t s  of i n t eg ra t ed  phase d i f fe rence  f o r  t h r e e  passes  a r e  shown i n  
Figure 5-4. The f i r s t  p l o t  i nd ica t e s  t h a t  t h e  ionosphere was uniform i n  i t s  
s t r u c t u r e ;  t h e  second shows an i n t e r e s t i n g  phase r e v e r s a l  t h a t  was observed 
f requent ly  but only wi th in  narrow azimuth and e l eva t ion  l i m i t s ;  and t h e  
t h i r d  ind ica t e s  a very i r r e g u l a r  s t r u c t u r e .  The reason f o r  t h e  phase re- 
v e r s a l s  was not determined, but it has been noted t h a t  they occurred when 
t h e  ray pa th  was through o r  along t h e  edge of t h e  au ro ra l  zone. 

The phase d i f f e rence  recordings provide a d i r e c t  and p rec i se  measure- 
ment of t h e  d i f f e rence  i n  pa th  length change a t  162 and 324 MHz. Assuming 
t h a t  t h e  e f f e c t s  are propor t iona l  t o  l / f 2 ,  a c l o s e  es t imate  of t h e  path 
length change can be made a t  162 and, s imi l a r ly ,  a t  118 t o  136 MHz. 

Data from 36 passes taken a t  var ious t i m e s  of day were p l o t t e d  t o  de t e r -  
mine t h e  pa th  length change caused by t h e  ionosphere f o r  each 5' change i n  
e l eva t ion  angle.  
which can be used t o  determine t h e  mean and t h e  90 p e r c e n t i l e  values  a t  any 
e l eva t ion  angle .  

The r e s u l t s  a r e  summarized i n  Figures  5-5 through 5-8, 

The values i n  Figures  5-5 through 5-8 are not t o  be taken a s  t o t a l  range 
e r r o r  due t o  t h e  ionosphere, because they do not include t h e  e r r o r  a t  t h e  
zeni th .  

The zeni th  angle  range e r r o r  can be est imated from t h e  ionospheric t i m e  
delay equat ion of Table 5-1, except t h a t  t h e  path i s  considered t o  be v e r t i -  
ca l  through t h e  ionosphere 

h 6 
AR = 40 lo f Ne& 

f 2  J Z 

0 

(5-1) 

14 
The range of values  f o r  t h e  i n t e g r a l  i s  from 10l2  t o  10 
u rna l ,  seasonal ,  and s o l a r  a c t i v i t y  changes. Conditions of t h e  ionosphere 
are known a t  any t i m e  so  t h a t  t h e  zeni th  angle  range uncer ta in ty ,  h R 2  can be 
reduced t o  much less than  t h e  50 t o  5,000 foot t o t a l  v a r i a t i o n  of ARz a t  very 
high frequencies ,  

, depending on d i -  

From Equation 5-1, t h e  zeni th  angle  range e r r o r  i s  found t o  vary from 50 
t o  5,000 f e e t ,  depending on d iurna l9  seasonal ,  and s o l a r  a c t i v i t y  changes. 
Ionospheric soundings w i l l  genera l ly  not be ava i l ab le  i n  regions of i n t e r e s t .  
Thus, t h e  value of t h e  zeni th  angle  range e r r o r  w i l l  have t o  be estimated. 
It i s  conservat ive t o  estimate t h a t  t h e  r e s i d u a l  unce r t a in ty  i n  a zeni th  
range measurement w i l l  be less than  1,500 f ee t  when a l l  of t h e  known f a c t o r s  
are applied.  

S imi la r ly ,  t h e  a d d i t i o n a l  e r r o r  f o r  lower e l eva t ion  angles t o  t h e  satel-  
l i t e  w i l l  a l s o  have t o  be estimated. Figures  5-5 through 5-8 provide a b a s i s  
f o r  i n i t i a l  es t imates ,  al though much b e t t e r  es t imates  can be made f o r  an  oper- 
a t i o n a l  s y s t e m  by ranging on t ransponders  a t  f ixed  loca t ions  i n  t h e  area of 
operat  ions 

It i s  immediately evident  from t h e  da t a  t h a t  t h e  ranging e r r o r  w i l l  be 
less than  during night t ime hours and a t  loca t ions  where t h e  e l eva t ion  angles  
t o  t h e  s a t e l l i t e  a r e  high. 
over a y e a r ' s  time and are presented f o r  four  per iods  of t h e  day as expected 
a t  125 MHz. 

The data ,  Figures  5-5 through 5-8, were c o l l e c t e d  
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FIGURE 5-5 
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(GMT 05:OO - 11:OO) 

' E l e v a t i o n  
40 

A n g l e  i n  
3Q 20 

D e g r e e s  
1 
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FIGURE 5-7 

TOTAL PATHLENGTH CHANGE ACCUMULATED FROM 90' ELEVATION 
(GMT 1 7 : O O  - 23:OO) 
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FIGURE 5-8 
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The zen i th  angle  unce r t a in ty  cannot be derived from t h e  experimental da ta  
analyzed t o  date. A s  noted above, it can vary from 50 t o  5,000 f e e t  wi th  t h e  
l a r g e s t  con t r ibu t ion  caused by known f a c t o r s .  Therefore, a b i a s  va lue  can be 
approximated f o r  any l o c a t i o n  and t i m e .  The remaining unce r t a in ty  i n  t h e  
zen i th  angle  measurement i s  estimated t o  be 25 percent of t h e  b i a s  value. 
Assuming t h e  b i a s  w i l l  be 5,000 f e e t  during midday, near  t h e  peak of t h e  sun- 
spot cycle,  and assuming t h e  zen i th  value v a r i e s  i n  propor t ion  t o  t h e  observed 
mean va lues  f o r  lower e l e v a t i o n  angles  throughout t h e  day, t h e  zen i th  angle  
range unce r t a in ty  i s  es t imated  t o  be as shown i n  Table 5-2. 

Table 5-2 

Range Uncertainty a t  Zenith Angle 

Local Time 
0000-0600 0600-1200 1200-1800 1800-2400 

250' 850' 1200' 500' 

It i s  conserva t ive  t o  es t imate  t h a t  t h e  unce r t a in ty  i n  range measurement 
f o r  o the r  t han  t h e  zen i th  angle  w i l l  be t h e  zen i th  angle  unce r t a in ty  p lus  t h e  
d i f f e rence  i n  values between t h e  10 and 90 p e r c e n t i l e  curves of Figures 5-5, 
5-6 and 5-7 and one-half t h e  t o t a l  va lues  of F igure  5-8. 
added t o  t h e  zen i th  angle  unce r t a in ty  f o r  lower e l e v a t i o n  angles are: 

The va lues  t o  be 

Table 5-3 

Range Uncertainty as a Function of Eleva t ion  Angle 

Eleva t ion  Local Time 
Angle 0000-0600 0600-1200 1200-1800 1800-2400 

5O 450' 1950' 3000' 1800' 
10 400 1600 2400 1400 
20 350 1350 1900 900 
30 325 1100 1600 700 
45 300 900 1400 600 
60 275 875 1300 575 
90 250 850 1200 500 

To ta l  range unce r t a in ty  i s  twice t h e  value,  s ince  t h e  same 
w i l l  apply t o  t h e  s i g n a l  pa th  from t h e  sa te l l i t e  t o  t h e  use r  as 
t h e  use r  t o  t h e  satell i te.  The pa th  from t h e  ground s t a t i o n  t o  

unce r t a in ty  
t h e  pa th  from 
t h e  s a t e l l i t e  

and r e t u r n  w i l l  not a f f e c t  t h e  measurement because t h e  ionosphere does not 
change s i g n i f i c a n t l y  during t h e  i n t e r r o g a t i o n  t i m e ,  and t h e  f i r s t  and second 
r e p e t i t i o n s  of t h e  s i g n a l  by t h e  sa te l l i t e  have t h e  same delay i n  propagating 
from t h e  sa te l l i t e  t o  t h e  ground. The t i m e  i n t e r v a l ,  represent ing  t h e  propa- 
gation t i m e  from t h e  s a t e l l i t e  t o  t h e  u s e r  i s  not a f f e c t e d  by t h e  sa te l l i t e  t o  
t h e  ground s t a t i o n  path. 
i n  t h e  ionosphere i s  twice t h a t  of t h e  va lues  of Table 5-3. 
range measurement unce r t a in ty  i n  two-way ranging i s  one-half t h e  t o t a l ;  %.e., 
t h e  one-way unce r t a in ty ,  

The t o t a l  unce r t a in ty  caused by t h e  e l e c t r o n  content 
However, t h e  

The range measurements from a ground te rmina l  t o  t h e  s a t e l l i t e  can be 
used t o  determine ionospheric delay by comparing t h e  measured propagat ion t i m e  
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with t h e  computed f r e e  space propagat ion time between t h e  sa te l l i t e  and t h e  
te rmina l ,  Comparisons of measured t i m e  i n t e r v a l s  were made on some of t h e  
Obse rva to ry - to - sa t e l l i t e  measurements, Diurnal v a r i a t i o n s  were observed and 
r e s o l u t i o n  w a s  adequate f o r  c a l i b r a t i o n  purposes, The data were not used i n  
t h e  computations as t h e  requirements of t h e  experiment were f u l f i l l e d  with 
t h e  ionosphere model. 

The comparison of computed geometrical  and measured ranges i s  of poten- 
t i a l  value f o r  ionospheric s t u d i e s  and r e a l  t i m e  monitoring of ionospheric 
e l e c t r o n  dens i ty  on a world-wide bas i s .  Low-cost unattended transponders 
could be d i s t r i b u t e d  over t h e  Ear th  and in t e r roga ted  ind iv idua l ly  t o  serve  
a s  a widely d ispersed  network f o r  monitoring ionospheric condi t ions .  For 
ionospheric s t u d i e s ,  t h e  sa te l l i t e  p o s i t i o n  should be known t o  a f r a c t i o n  
of t h e  expected delays i n  t h e  ionosphere. Accurate real-time t r ack ing  of 
t h e  s a t e l l i t e s  using a frequency o the r  t han  VHF would probably be necessary. 
A s h o r t e r  t i m e  quant iz ing  i n t e r v a l  t han  t h e  p r e s e n t l y  used 0.4 microsecond 
i s  recommended i f  t h e  technique i s  t o  be used f o r  c o l l e c t i n g  p r e c i s e  sc ien-  
t i f i c  da ta  about t h e  ionosphere, It i s  probable t h a t  t h e  c a l i b r a t i o n  sta- 
t i o n s  of an opera t ing  system could provide u s e f u l  s c i e n t i f i c  and ionospheric 
propagat ion da ta  i n  a d d i t i o n  t o  t h e i r  primary function. 

The var ious  da t a  sources examined i n  t h e  experiment agree  i n  a genera l  
way. None i s  based on s u f f i c i e n t  da ta  t o  provide a convincing s ta t i s t ica l  
estimate of delay. The experimental r e s u l t s  obtained using S-66 and GEOS-1 
and t h e  ATS-3 measurements agree  wi th  t h e  model s e l e c t e d  f o r  t h e  computer 
program s u f f i c i e n t l y  we l l  t o  i n d i c a t e  t h a t  ionospheric delay may be es t i -  
mated w e l l  enough t o  provide range measurement p r e c i s i o n  wi th in  3,000 f e e t  
when condi t ions  a r e  such as t o  cause t h e  g r e a t e s t  e r r o r s .  Much of t h e  t i m e ,  
a s  a t  n igh t ,  t h e  ionosphere w i l l  not have a s i g n i f i c a n t  e f f e c t  f o r  p o s i t i o n  
f i x i n g  app l i ca t ions  t h a t  can t o l e r a t e  p o s i t i o n  e r r o r s  of a m i l e  o r  two. The 
v a l i d i t y  of t h e  r e s u l t s  i s  supported by t h e  accuracy of l i n e s  of p o s i t i o n  
made during t h e  experiment, a s  presented  i n  Figure 8-4. It i s  expected t h a t  
b e t t e r  estimates of ionospheric delay can be made f o r  an ope ra t iona l  system 
t h a t  includes transponders a t  f ixed  loca t ions  i n  t h e  operating areas so  t h a t  
t h e  ionospheric delay can be monitored i n  t h e  a rea  of i n t e r e s t  and a t  t h e  
t ime of i n t e r e s t .  

Data of s eve ra l  t es t s  were s e l e c t e d  and p l o t t e d  t o  i l l u s t r a t e  some of 
t h e  important f a c t o r s  a f f e c t i n g  range measurements a t  VHF. I n  a l l  of t h e  
p l o t s  t i m e  i s  Greenwich Mean Time. Five hours should be sub t r ac t ed  t o  ob ta in  
l o c a l  Eas te rn  Standard Time. The t i m e  i n t e r v a l  measurements i n  microseconds 
are represented  a s  they  were recorded. The equipment delay t i m e s  and propa- 
t i o n  delays were not sub t r ac t ed  from t h e  readings. Each p l o t  i s  i d e n t i f i e d  
i n  t h e  following d e s c r i p t i o n  by d a t e  and t i m e .  

The ATS-1 s a t e l l i t e  was loca ted  a t  approximately 150° west longitude, 
l e s s  t han  2 O  above t h e  western horizon a t  Schenectady. The ATS-3 sa te l l i t e  
w a s  a t  an e l e v a t i o n  angle  exceeding 30°. 

September 2 7 ,  1968 - 14462 (Figure 5-9) 

ATS-1 was in t e r roga ted  using t h e  30-foot d i s h  t o  transmit and r ece ive  
wi th  80 w a t t s  of t r ansmi t t ed  power. 
robin" mode i n  which t h e  r e t u r n  s i g n a l  i n t e r roga ted  t h e  transponder and 
caused it t o  t ransmi t  another  i n t e r roga t ion .  
ment was made once each 3/4 second, approximately. 

The equipment w a s  operated i n  a "round 

A s  a r e s u l t ,  a range measure- 

' 

The da ta  p l o t  from 
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14 46 00 t o  14 48 30 includes a l l  of t h e  range measurements made 'during t h e  
2.5 minute per iod,  A v i s u a l  es t imate  of a s t r a i g h t  l i n e  drawn through t h e  
da ta  represents  t h e  range change of t h e  s a t e l l i t e ,  Although t h e  sa te l l i t es  
a r e  i n  geos ta t ionary  o r b i t ,  t h e i r  o r b i t s  a r e  s l i g h t l y  inc l ined  so  t h a t  they 
t r a c e  a f igure-e ight  p a t t e r n  i n  t h e  sky over a 24-hour period. During an  
i n t e r v a l  a s  shor t  as f i f t e e n  minutes, t h e  range change may be approximated 
by a s t r a i g h t  l i n e .  The d i s t r i b u t i o n  of t h e  po in t s  about t h e  l i n e  i s  t y p i c a l  
of t h e  s m a l l  dev ia t ion  when t h e  s igna l - to-noise  r a t i o  i s  high and t h e  iono- 
sphere i s  quie t .  

November 22,  1968 - 11462 (Figure 5-10) 

The in t e r roga t ion  per iod f o r  ATS-1 w a s  chosen t o  include sunr i se  along 
t h e  ray pa th  through t h e  ionosphere. Each point  on t h e  p l o t  represents  t h e  
average of t e n  readings t o  emphasize t h e  longer t e r m  v a r i a t i o n  of t h e  range 
measurements. Because t h e  s a t e l l i t e  i s  a t  such a low e leva t ion  angle  above 
t h e  western horizon, sun r i se  occurred i n  t h e  ionosphere s h o r t l y  before  it 
occurred on t h e  ground a t  Schenectady. 
before sun r i se  a t  Schenectady, t h e  range measurement increased approximately 
3 microseconds. It i s  assumed t h i s  change was due t o  t h e  sudden onset of 
i on iza t ion  i n  t h e  ionosphere a t  sunr i se .  

Within a one-minute per iod shor t ly  

January 26, 1969 - 20142 (Figure 5-11) 

A p l o t  of t h e  range measurements on ATS-3 exh ib i t s a  p a t t e r n  suggesting 
a beat ing e f f e c t ,  even though each measurement i s  e n t i r e l y  independent. A 
s i m i l a r  e f f e c t  may be observed on t h e  Observatory r e tu rns  on t h e  February 11 
plo t .  The p a t t e r n  i s  due t o  t h e  0.4 microsecond t i m e  quantizing i n t e r v a l  
of t h e  responder. 
o s c i l l a t o r  was used f o r  t h e  tone-code generator  than  f o r  t h e  phase matcher- 
c o r r e l a t o r .  It w a s  pos tu la ted  t h a t  a s l i g h t  r e l a t i v e  phase s h i f t  between 
t h e  two o s c i l l a t o r s  was responsible  f o r  t h e  c y c l i c  na ture  of t h e  p a t t e r n s .  
This was l a t e r  t e s t e d  by using t h e  same o s c i l l a t o r  a s  t h e  reference f o r  both. 
The p l o t  of t h e  February 12  Observatory r e t u r n s  shows t h e  quant iz ing i n t e r v a l  
without t h e  pyc l ic  p a t t e r n  previously observed. 
quantizing i n t e r v a l  i n d i c a t e s  a high s igna l - to-noise  r a t i o  and exce l len t  
p rec i s ion  f o r  t h e  phase matcher. 

I n  t h e  January 26 and February 11 tests ,  a d i f f e r e n t  

The a b i l i t y  t o  reso lve  t h e  

February 11, 1969 - 01572 (Figures 5-12 and 5-13) 

P l o t s  are presented f o r  both t h e  Observatory r e t u r n s  from t h e  s a t e l l i t e  
and t h e  r e t u r n s  from t h e  Sea Robin buoy. 
aurora  a t  Schenectady and it i s  reported t h a t  a severe magnetic dis turbance 
was i n  progress ,  peaking wi th in  an  hour p r i o r  t o  t h e  tes t  period. 
Universi ty  of New York reported t h a t  an  M-arc w a s  present  i n  t h e  aurora.  The 
Observatory r e t u r n s  i n d i c a t e  t h e  range change of t h e  sa te l l i t e  r e l a t i v e  t o  
t h e  Observatory while t h e  Sea Robin r e tu rns  e x h i b i t  t h e  sum of t h e  range 
changes from t h e  Observatory t o  t h e  sa te l l i t e  and t h e  s a t e l l i t e  t o  t h e  Sea 
Robin. Histograms of t h e  r e t u r n s  r e l a t i v e  t o  a s t r a i g h t  l i n e  approximation 
of t h e  da ta  are presented. The presence of t h e  magnetic dis turbance seemed 
t o  have l i t t l e  e f f e c t  on t h e  s c a t t e r  of t h e  measurements. 

The da ta  were taken during a v i s i b l e  

The S ta te  

February 1 2 ,  1969 - 02002 (Figures 5-14, 5-15 and 5-16) 

Severe s c i n t i l l a t i o n ,  assumed t o  be assoc ia ted  with t h e  magnetic a c t i v i t y ,  
caused t h e  amplitude of t h e  received s i g n a l s  t o  vary widely, a s  noted on t h e  

5-14 



FIGURE 5-10 

EFFECT OF SUNRISE I N  THE IONOSPHERE 
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analog recording, Figure 5-14, The r e l a t i v e  s i g n a l  amplitude i s  p l o t t e d  with 
t h e  Observatory r e tu rns  t o  show t h e  c o r r e l a t i o n  between t h e  range measurement 
displacement and s i g n a l  amplitude i n  Figure 5-15. The Sea Robin r e tu rns  f o r  
February 12  exhib i ted  l a r g e r  s c a t t e r  than  on February 11, Figure 5-16. 
analog recording (Figure 5-14) shows two p l o t s ,  The upper p lo t  i s  a recording 
of a d ig i ta l - to-ana log  conversion of a change i n  propagation time with one 
la rge  d iv i s ion  represent ing  one microsecond. The higher  peaks i n  t h e  lower 
recording a r e  t h e  s i g n a l  amplitude of each in t e r roga t ion  fo r  t h e  d i r e c t  s i g n a l  
re turn.  
re turns .  It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  Sea Robin amplitude v a r i a t i o n s  
a r e  c o r r e l a t e d  with t h e  d i r e c t  r e tu rns ,  suggesting t h a t  t he  path from t h e  
Observatory t o  t h e  s a t e l l i t e  was d is turbed  by t h e  magnetic a c t i v i t y ,  but t h a t  
t h e  path from t h e  s a t e l l i t e  t o  t h e  buoy i n  Bermuda was not a f f ec t ed .  The 
change i n  range measurement with s igna l  amplitude i s  a t t r i b u t e d  t o  t h e  Observa- 
t o r y  rece iver ,  which had a change delay with s i g n a l  amplitude, a s  explained 
i n  Sect ion 4 .  These da ta  should be compared with those  of September 5,  1969, 
when s c i n t i l l a t i o n  was present  but had no d i sce rn ib l e  e f f e c t  on t h e  range 
measurements, Figures  5-22 and 5-23. An improved l i m i t e r  w a s  i n  use  on 
September 5. 

The 

The intermediate  values  a r e  t h e  r e l a t i v e  amplitude of t h e  Sea Robin 

February 24, 1969 - 12002 (Figures 5-17, 5-18 and 5-19) 

Po la r i za t ion  and antenna poin t ing  were changed during t h e  test  per iod t o  
measure t h e  e f f e c t s  of s i g n a l  amplitude change on t h e  d i r e c t  r e tu rns ,  Figure 
5-18, and van r e tu rns  through t h e  s a t e l l i t e ,  Figure 5-19. The s i g n a l  l e v e l  
during t h e  f i r s t  minute of t h e  t e s t  was low because of t h e  p o l a r i z a t i o n  
adjustment of t h e  30-foot dish.  There was a marked displacement towards a 
s h o r t e r  delay f o r  t h e  d i r e c t  r e tu rns  and fo r  a longer delay of t h e  van re turns .  
Signal  amplitude i s  shown on t h e  analog recording, Figure 5-19, and the  changes 
i n  antenna adjustment a r e  noted on t h e  da t a  p l o t s .  A displacement of 5 t o  7 
microseconds w a s  observed over t h e  l a r g e  range of s i g n a l  l e v e l  change. The 
analog recording e x h i b i t s  a c y c l i c  change i n  amplitude t h a t  suggests a beat 
between t h e  sa te l l i t e  sp in  r a t e  and t h e  3 second in t e r roga t ion  r a t e ,  al though 
t h i s  has not been d e f i n i t e l y  assigned a s  t h e  cause,  

February 18, 1969 - 14052 (Figures 5-20 and 5-21) 

Fur ther  evidence of t h e  change i n  t i m e  delay through t h e  r ece ive r  with 
s i g n a l  amplitude i s  suggested by t h e  p l o t s  of t h e  computed curves compared 
with t h e  r e l a t i v e  s i g n a l  amplitudes,  The da ta  were taken before  t h e  tuned 
l imiters were i n s t a l l e d  i n  t h e  rece ivers .  The computed curves are of second 
order  a s  determined by a l e a s t  squares f i t  t o  t h e  data .  The d i r e c t  r e tu rns  
present  a curve downward f o r  decreased s i g n a l  l eve l ,  whereas t h e  van r e tu rns  
exh ib i t  an upward curve f o r  s i g n a l  l eve l .  The shape of t h e  parabola f o r  t h e  
f i r s t  i n t e r v a l  i s  curved sharply because t h e  curve i s  based on a r e l a t i v e l y  
small number of da ta  po in t s  which, by chance, included seve ra l  po in t s  which 
were high. A l l  of t h e  da ta  po in t s  on t h e  van r e t u r n  a r e  p l o t t e d  t o  i l l u s -  
t r a t e  how t h e  computed curve f i t s  t h e  a c t u a l  data .  
computed po in t s  f o r  def in ing  t h e  curve and a r e  not da ta  po in t s ,  The s tandard 
devia t ions  are computed about t h e  smooth curves t o  determine t h e  shor t  t e r m  
s t a b i l i t y  of t h e  range measurements. 
p a t t e r n  f o r  t h e  van r e t u r n s  does not correspond t o  t h e  s i g n a l  l e v e l  of t h e  
d i r e c t  re turns .  The d i f f e rences  r e s u l t  from t h e  p o l a r i z a t i o n  angle  changes 
due t o  Faraday ro t a t ion .  A d i f f e rence  i n  t h e  Faraday r o t a t i o n  a t  t h e  t ransmit  
and rece ive  frequencies  w a s  f requent ly  observed. 

The enc i r c l ed  po in t s  a r e  

It w i l l  be noted t h a t  t h e  s i g n a l  l e v e l  

5-22 
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September 5 ,  1969 (Figures 5-22 and 5-23) 

Two important f a c t s  a r e  evident from the  da t a .  The improved l i m i t e r ,  
Sec t ion  4 ,  nea r ly  e l imina ted  t h e  change i n  r ece ive r  delay as a func t ion  of 
s i g n a l  amplitude; and s i g n a l  amplitude s c i n t i l l a t i o n  due t o  t h e  ionosphere 
had no d i s c e r n i b l e  e f f e c t  on t h e  range measurements. The da ta  were recorded 
while i n t e r r o g a t i n g  t h e  Coast Guard C u t t e r  Valiant i n  t h e  Gulf of  Mexico. 
S igna l  amplitude f o r  each i n t e r r o g a t i o n  i s  shown by t h e  peak d e f l e c t i o n s  i n  
t h e  l e f t  hand cha r t ,  F igure  5-22. 
de f l ec t ions ;  t h e  background s i g n a l  f ron  t h e  s a t e l l i t e  with no s i g n a l  i n t o  
t h e  s a t e l l i t e  i s  t h e  t h i r d ,  darker,  response of t h e  pen. The excursions t o  
t h e  r i g h t  edge of t h e  c h a r t  occurred dbring t ransmission from t h e  Observatory 
when t h e  r ece ive r  w a s  tu rned  o f f .  

The Valiant r e t u r n s  are  t h e  second l a r g e s t  

The lower s i g n a l  l e v e l  marked "POL. switch" occurred when t h e  po la r i za -  
t i o n  of the Observatory antenna was switched t o  check t h e  best  p o l a r i z a t i o n  
angle. The o t h e r  amplitude changes with time were due t o  s c i n t i l l a t i o n .  
The c o r r e l a t i o n  of t h e  Observatory, Val ian t ,  and s a t e l l i t e  background s i g n a l s  
i n d i c a t e s  t h a t  t h e  s c i n t i l l a t i o n  was present on t h e  Observatory t o  s a t e l l i t e  
path,  but not on t h e  s a t e l l i t e  t o  Valiant path.  

The right-hand c h a r t ,  Figure 5-22,? i s  an analog d isp lay  of t h e  las t  
t h r e e  d i g i t s  of  t h e  t i m e  i n t e r v a l  recording f o r  t h e  propagation t i m e  from 
t h e  Observatory t o  ATS-3 and r e tu rn .  

F u l l  scale i s  t e n  microseconds. A l a rge  d i v i s i o n  i s  one microsecond. 
The s lope  i n d i c a t e s  the range change due t o  s a t e l l i t e  motion. I n  s p i t e  of 
t h e  s i g n a l  amplitude changes, t h e  s tandard  dev ia t ion  of t h e  range measure- 
ment s w a s  0.49 microsecond, and the l a r g e s t  dev ia t ions  of any measurement s 
from t h e  computed "bes t  f i t "  curve were -1.84 and +1.16 microseconds. 

The t i m e  i n t e r v a l s  a re  p l o t t e d  a s  a func t ion  of t i m e  i n  Figure 5-23. 
There i s  no evidence of range measurement change wi th  s i g n a l  amplitude change. 
The computed "bes t  f i t "  curve and a histogram showing dev ia t ions  from t h e  
curve are a l s o  p l o t t e d .  It i s  i n t e r e s t i n g  t o  note  t h e  e f f e c t  on t h e  measured 
i n t e r v a l s  of t h e  phase matcher 's  0.4 microsecond quan t i za t ion  increment. 
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SECTION 6. AIRCEUFT TESTS 

The Federal  Aviat ion Administrat  ion furnished t h e  use of two a i r c r a f t  - 
a DC-6 and a KC-135 as w e l l  as t h e  use  of a r ece ive r - t r ansmi t t e r  used pre- 
v ious ly  f o r  vo ice  communication tes ts  through t h e  ATS s a t e l l i t e s .  The t r a n s -  
c e i v e r  i s  a Bendix type RTA41B with an  MDA41 modem f o r  frequency modulation 
and a PM41A 500 w a t t  power ampl i f i e r .  A type LNA41 low-noise preampl i f ie r  
w a s  used. 

A tone-code ranging responder w a s  connected between t h e  da ta  output of 
t h e  rece iver  and t h e  da ta  input of t h e  t r a n s m i t t e r ,  The "turn-around t i m e "  
of t h e  u n i t ,  t h e  t i m e  t o  switch from rece ive  t o  t ransmi t ,  w a s  so  long t h a t  
t h e r e  w a s  not s u f f i c i e n t  t i m e  f o r  t h e  tone  response wi th in  1024 cyc le  per iods.  
It w a s  necessary t h e r e f o r e  t o  lengthen t h e  delay i n  t h e  responder between 
c o r r e l a t i o n  of t h e  code and re t ransmiss ion  of t h e  code from t h e  usua l  per iod  
of  1024 cyc les  of t h e  2,4414 kHz tone frequency t o  2048 per iods.  This  w a s  
done by rewir ing a connection i n  t h e  responder 's  b inary  d iv ider .  
lengthened t h e  t i m e  between c o r r e l a t i o n  of t h e  code i n  t h e  u n i t  and r e t r a n s -  
mission of t h e  code t o  0,86 second. It i s  repor ted  t h a t  new u n i t s  designed 
f o r  t h e  747 a i r c r a f t  w i l l  have a turn-around t i m e  s h o r t e r  t han  110 mil l iseconds,  
which i s  sho r t  enough t o  employ t h e  0.43 second b u i l t - i n  t i m e  delay i n  t h e  
o t h e r  tone-code responders,  

This  

When a responder  u n i t  i s  a t tached  t o  a r ece ive r - t r ansmi t t e r ,  w e  r e f e r  t o  
t h e  complete u n i t  as a tone-code ranging transponder.  

Attachment of t h e  responder u n i t  d i d  not a f f e c t  t h e  usefu lness  of t h e  
r ece ive r - t r ansmi t t e r  f o r  vo ice  communication, 

A s  an example, while  t h e  Coast Guard Cu t t e r  Val iant  w a s  being i n t e r r o -  
ga ted  through ATS-3 on June 27, t h e  FAA KC-135 a i r c r a f t ,  N96, made a voice 
c a l l  through t h e  s a t e l l i t e  which w a s  received a t  Schenectady while t h e  in -  
t e r r o g a t i o n  of t h e  Coast Guard sh ip  w a s  i n  progress ,  The a i r c r a f t  s t a t e d  
t h a t  it w a s  on t h e  runway a t  La jes  A i r f i e l d  i n  t h e  Azores, ready f o r  take-of f ,  
and requested t h a t  range measurements be made on t h e  a i r c r a f t  u n t i l  it was 
a i rbo rne ,  
c r a f t  code a t  t h e  Observatory and success fu l  range measurements were made t o  
t h e  a i r c r a f t  as  it  proceeded down t h e  runway and became airborne.  In te r roga-  
t i o n  of t h e  Coast Guard sh ip  a t  Galveston was then  resumed by switching back 
t o  i t s  address  code. The unplanned exe rc i se  demonstrated t h e  voice and 
ranging compa t ib i l i t y  of t h e  tone-code ranging technique, as w e l l  as t h e  
a b i l i t y  t o  i n t e r r o g a t e  one u s e r  bile another  user '  s t ransponder  w a s  tu rned  
on and r ecep t ive  t o  in t e r roga t ions  ,, 

The tone-code generator  and c o r r e l a t o r  were switched t o  t h e  a i r -  

The t ransponder  w a s  i n s t a l l e d  i n  a DC-6 a i r c r a f t  a t  t h e  FAA's Nat ional  
Aviat ion F a c i l i t i e s  Experimental Center,  a t  A t l a n t i c  Ci ty ,  N e w  Je rsey .  The 
a i r c r a f t  w a s  equipped with a VHF blade antenna of convent ional  design and a 
Dorne & Margolin Satcom antenna, The VHF blade i s  v e r t i c a l l y  po la r i zed  and 
i t s  ga in  p a t t e r n  i s  not c l e a r l y  defined, It i s  r ecep t ive  t o  s i g n a l s  coming 
from below t h e  horizor , ta l  p lane  and i s  t h e r e f o r e  r ecep t ive  t o  s a t e l l i t e  s i g -  
n a l s  r e f l e c t e d  from :lie sea and subjec t  t o  sea r e f l e c t i o n  in t e r f e rence  o r  
mult ipath.  The Dorne & Margolin Satcom antenna i s  c i r c u l a r l y  po la r i zed  and 
has  two modes of operat ion.  Both are  approximately non-d i rec t iona l  i n  a z i -  
muth. 
degrees e l eva t ion  angle  and t h e  zen i th  mode i s  designed t o  rece ive  s i g n a l s  

The horizon mode i s  designed t o  r ece ive  s i g n a l s  from 10 degrees t o  40 
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from 40 degrees e l eva t ion  angle  t o  a maximum gain  i n  t h e  zeni th  d i r ec t ion .  
Both modes, p a r t i c u l a r l y  t h e  zeni th  mode, of t h e  Dorne & Margolin antenna 
a r e  l e s s  recept ive  t o  s i g n a l s  r e f l e c t e d  f r o m t h e  sea than  is  the  VHF blade 
antenna . 

Table 6-1 i s  a log of f l i g h t  tes ts  made with t h e  DC-6B a i r c r a f t .  Af te r  
t h e  completion of t h e  tes ts  with t h e  DC-6B a i r c r a f t  t h e  tone-code ranging 
transponder w a s  r e i n s t a l l e d  i n  a KC-135 a i r c r a f t  a t  Oklahoma City.  
a je t  similar t o  t h e  Boeing 707, w a s  equipped only with a VHF blade antenna. 
A log of f l i g h t  t es t s  with t h e  KC-135 a i r c r a f t  i s  given i n  Table 6-1 a l so .  

The KC-135, 

The following desc r ip t ions  are organized with regard t o  test objec t ives  
r a t h e r  than  chronological ly .  

A major ob jec t ive  of t h e  June 13 f l i g h t  was a test  of t h e  two s a t e l l i t e  
p o s i t i o n  f i x i n g  performance under good s i g n a l  condi t ions over land and water. . 
A por t ion  of t h e  f l i g h t  pa th  i s  shown on t h e  map, Figure 6-1. 
pos i t i ons  r e f e r  t o  t h e  sa te l l i t e  and VORTAC p o s i t i o n  f ixes ,  showd i n  Table 
6-2, In t e r roga t ions  were made a t  3 second i n t e r v a l s  through ATS-3 and re- 
sponses were re turned  from t h e  a i r c r a f t  through both ATS-1 and ATS-3. The 
horizon mode of t h e  Satcom antenna provided t h e  bes t  performance, t h e  eleva-  
t i o n  angle  t o  ATS-1 being 9 degrees and ATS-3 being 33 degrees. Many hun- 
dreds of two s a t e l l i t e  ranging measurements were made during t h e  f l i g h t ,  From 
these,  t e n  were a r b i t r a r i l y  se l ec t ed  f o r  comparison with VORTAC pos i t i ons ,  
choosing ranging measurements made wi th in  3 seconds of a VORTAC f i x .  

The numbered 

The f i r s t  sa te l l i t e  pos i t i on  f i x  was recomputed seve ra l  t i m e s  i n  order  
t o  determine t h e  co r rec t  equipment delay b iases .  Once these  had been de te r -  
mined, t h e  same b ia ses  were used f o r  a l l  of t h e  o the r  pos i t i on  determinat ions,  
This s t ep  was necessary as changes had been made t o  t h e  a i r c r a f t  equipment 
and t o  t h e  Observatory equipment between t h e  t i m e  t h e  a i r c r a f t  t r ansce ive r  
was in t eg ra t ed  with t h e  responder a t  Schenectady and i n s t a l l e d  on t h e  a i r c r a f t .  
I n  a l l  cases  throughout t h e  experiment it was found e a s i e r  t o  c a l i b r a t e  equip- 
ment delay b i a ses  with t h e  use r  equipment a t  a remote loca t ion  r a t h e r  than  by 
measurement i n  t h e  laboratory.  Once t h e  b i a ses  were determined f o r  t h e  June 
13 f l i g h t ,  t h e  same values  were used f o r  t h e  later processing of da t a  from 
t h e  June 1 2  f l i g h t ,  There was no s i g n i f i c a n t  d i f f e rence  i n  t h e  equipment 
delay b iases  f o r  t h e  two days. 

With t h e  b i a s  co r rec t ions  properly in se r t ed ,  t h e  computations f o r  t h e  
a r b i t r a r i l y  se l ec t ed  t e n  sample measurements of t h e  June 13 f l i g h t  were made 
and compared with t h e  VORTAC p o s i t i o n  determinations as provided by t h e  FAA. 
The FAA's p o s i t i o n  determination method and loca t ions  of t h e  a i r c r a f t  f o r  t h e  
June 1 2  and 13 f l i g h t s  a r e  presented i n  Appendix I. The sa te l l i t e  and VORTAC 
pos i t i on  determinations are i n  such c l o s e  agreement t h a t  they could not be 
separa te ly  p l o t t e d  t o  t h e  s c a l e  of t h e  map i n  Figure 6-1. 
i n  Table 6-2, The VORTAC pos i t i ons  were determined t o  t h e  neares t  minute. 
One minute represents  one n a u t i c a l  m i l e  i n  l a t i t u d e  and approximately 0.7 
n a u t i c a l  m i l e  i n  longitude. A l l  of t h e  a r b i t r a r i l y  se l ec t ed  s a t e l l i t e  pos i -  
t i o n  f i x e s  agree  with t h e  VORTAC p o s i t i o n s  wi th in  f 3 minutes of l a t i t u d e  and 
f 2 minutes of longitude. 

They a r e  compared 

Short t e r m  v a r i a t i o n s  i n  sa te l l i t e  p o s i t i o n  f i x e s  a r e  ind ica ted  i n  
Figure 6-2, a p l o t  of another  t e n  f i x e s  made wi th in  45 seconds. 
numbered i n  t i m e  sequence, VORTAC pos i t i ons  f o r  t i m e s  before  and a f t e r  t h e  
t e n  sa te l l i t e  pos i t i on  f i x  determinations a r e  p l o t t e d  as t h e  l a r g e r  c i r c l e s  
on the  c h a r t ,  The da ta  a r e  a l s o  presented i n  Table 6-3. 

They a r e  
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TABLE 6-2  

COMPARISON OF SATELLITE AND VORTAC P O S I T I O N  F I X E S  
DC-6B 

S a t e l l i t e  
VORTAC 
D i f f e r e n c e  

S a t e l l i t e  
VORTAC 
D i  f f e renc e 

S a t e l l i t e  
VORTAC 
D i f f e r e n c e  

Sa t e l l i t e  
VORTAC 
D i  f f er  ence 

S a t e l l i t e  
VORTAC 
D i f f e r e n c e  

S a t e l l i t e  
VORTAC 
D i f f e r e n c e  

S a t  e l l i t  e 
VORTAC 
D i f f e r e n c e  

S a t e l l i t e  
VORTAC 
D i  f f e renc e 

S a t  e 1 lit e 
VORTAC 
D i f f e r e n c e  

S a t e l l i t  e 
VORTAC 
D i f f erenc e 

AIRCRAFT, MINNEAPOLIS TO DETROIT 
June 

T i m e  -GMT 

13  2 1  5 4  
1 3  2 1  5 1  

13  25 00 
1 3  25 00 

13  30 45 
13 30 45 

13 43 2 1  
13 43  2 4  

13 57 57 
13 57 57 

14 00 03 
14 00 00 

14 06 00 
14 06 00 

14 10 30 
14 1 0  30 

14 16 06 
14 16 06 

14 20 36 
14 20 33 

1 3 ,  1969 

L a t i t u d e  

44'5gT 08" 
44'57 

+02' 

44:5 4' 19" 
44 55' 

-01' 

44:48 ' 5 1" 
44 50' 

-01' 

44'41' 47" 
44'39' 

+03' 

44:24' 28" 
44 22' 

4-02 

440020' 41" 
44 19' 

+02 

44'12' 12" 
44'12' 

0 

440007' 31" 
44 07' 

+0lT 

430058' 07" 
43  59' 

-0 1' 

430050' 33" 
43 52' 

-01' 

Long it ude 

9 1'15 33" 
91'16' 

0 

9 0 ' 5  6 ' 2 1" 
90'55' 
1-01! 

90'17' 13l' 
90'15 

4-02' 

88'51' 29" 
88'53' 

-027 

87'18' 12" 
87'19' 

-01' 

87'06' 14" 
87 *04 !  

1-02' 

86'30! 53" 
86'31' 

0 

86'04' 15" 
86'04' 

0 

85'3 1' 55" 
85'31' 

+01' 

85:06! 42" 
85 07' 

0 
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TABLE 6 - 3  

COMPARISON OF SATELLITE AND VORTAC POSITION FIXES, SHORT SEQUENCE 
DC - 6B AIRCRAFT NEAR MINNEAPOLIS, MINNESOTA 

J u n e  13,  1969 

S a t e l l i t e  P o s i t i o n  F i x e s  

Time-GMT 

13 22 18 

13 22 2 4  

1 3  22 27 

13 22 30 

13 22 39 

13 22 42 

13 22 45 

13 22 5 1  

13 22 57 

1 3  23 03 

L a t i t u d e  

44'58 ' 40" 

44O58' 26" 

44'58' 50" 

44'58' 28" 

44'59' 2 1" 

44'58' 09" 

44°58'50" 

44'58' 14" 

44'58' 19" 

44'58' 11" 

L o n g i t u d e  

91O12' 35" 

9 1 ' 1 2  48" 

91'11'06" 

91O11' 43" 

91O10' 03" 

9 1 ' 10 4 1" 

9 1'0 9 3 1" 

91O08' 36" 

91O08' 25" 

91'07 ? 24" 

VORTAC P o s i t  i o n  F i x e s  

Time-GMT L a t i t u d e  L o n g i t u d e  

13 2 1  5 1  44'57' N 91O16' W 

1 3  24 2 4  44O55' N 91OOO' w 
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Prec i s ion  of t h e  f i x e s  was p l o t t e d  r e l a t i v e  t o  t h e  mean range measure- 
ments ' fo r  t h e  per iod between 1354 and 1402 GMT while t h e  a i r c r a f t  was making 
a land-to-water t r a n s i t i o n .  It shows t h a t  only four  of t h e  74 dual  responses 
would produce f i x e s  i n  e r r o r  by more than one n a u t i c a l  mile. (Figure 6 - 3 )  

The p l o t  was made a s  follows: 

1. 

2 .  

3. 

4" 

A b e s t - f i t  curve was computed f o r  t h e  range measurements from each satel- 
l i t e  during t h e  e ight  minute per iod ,  

The displacement of a range measurement f r o m t h e  best  f i t  curve was 
determined and i t s  p ro jec t ion  on t h e  e a r t h  f o r  t h e  e l eva t ion  t o  t h e  
sa te l l i t e  w a s  ca lcu la ted .  

A l i n e  of pos i t i on  w a s  p l o t t e d  a t  r i g h t  angles  t o  t h e  s a t e l l i t e  azimuth 
d i r ec t ion ,  and d isp laced  from t h e  cen te r  re ference  point  by t h e  d i s t ance  
determined i n  s t ep  two. 

A second l i n e  of p o s i t i o n  f o r  t h e  same in t e r roga t ion  was p l o t t e d  from 
t h e  range measurement of t h e  o the r  s a t e l l i t e ,  The c ross ing  of t h e  two 
l i n e s  of p o s i t i o n  determines ind iv idua l  f i x  e r r o r  i n  magnitude and 
d i r e c t i o n  r e l a t i v e  t o  t h e  mean of a l l  t h e  f i x e s  during t h e  time period. 

Factors  not included i n  t h e  f i x  p rec i s ion  p l o t s  are b ta s  e r r o r s  due t o  
ionospheric  b i a s ,  s a t e l l i t e  t r ack ing  uncer ta in ty ,  a i r c r a f t  a l t i t u d e  uncer ta in ty  
and equipment t i m e  delay b i a s .  With t h e  poss ib l e  exception of t h e  a i r c r a f t  
a l t i t u d e  uncer ta in ty ,  t h e s e  b i a s  changes have per iods of hours, days o r  longer. 
The magnitudes of t h e i r  e f f e c t s  can be con t ro l l ed  by monitoring t h e  e f f e c t s  
and c a l i b r a t i n g  t h e  equipment and system. For example: transponders a t  
f i xed  known loca t ions  along t h e  routes  t r ave led  by t h e  craft:  would enable t h e  
monitoring of ionospheric b i a s  e r r o r s  t o  t h e  degree t h a t  t h e  ionospheric b i a s  
e r r o r s  a r e  c o r r e l a t e d  qver t h e  d is tances  between the  fixed. l oca t ions  of t h e  
re ference  transponders and t h e  c r a f t  t h a t  a r e  enroute.  
can be measured by in t e r roga t ing  t h e  user tSansposders when t h e  c r a f t  a r e  a t  
known loca t ions  such a s  a i r p o r t s  o r  docks. They may a l s o  be checked without 
s a t e l l i t e  i n t e r roga t ion  a s  a rou t ine  maintenance funct ion.  

Equipment delay b i a ses  

A l l  of t h e  f ac to r s  t h a t  a f f e c t  t h e  shor t  term va r iq t ions  i n  accuracy are 
included i n  t h e  p rec i s ion  p l o t s .  
(mult ipath) ,  changing s igna l - t9-noise  r a t i o ,  changing s igna l  level and i t s  
e f f e c t  upon r ece ive r  t i m e  delay,  as w e l l  as shortvterm f luc tua t ions  i n  iono- 
spher ic  propagation delay, I n  an opera t iona l  system s igna l - to rno i se  r a t i o  can 
be high a much g r e a t e r  percentage of t h e  time than  was t r u e  i n  t h e  test program. 
Equipment t i m e  delay v a r i a t i o n s  can be reduced. s i g n i f i c a n t l y  f o r  an  opera t iona l  
system compared with t h e  tes t  program. 
i a t i o n s  has a l ready  been implemented i n  some of t h e  equipments'used i n  t h e  
tests. 

These include sea r e f l e c t i o n  in t e r f e rence  

A means t o  reduce equipment delay var-  

Perhaps t h e  l a r g e s t  f a c t o r  i n  f i x  p rec i s ion  i n  t h e  test  i s  sea r e f l e c t i o n  
This  can be minimized by improved antenna designs,  although it may multipath.  

remain as t h e  f a c t o r  t h a t  con t r ibu te s  t h e  l a r g e s t  e r r o r s  t o  p o s i t i o n  f i x  ac- 
curacy a t  VHF. I t s  e f f e c t  on o v e r a l l  system performance can be minimized i f  
i t s  c h a r a c t e r i s t i c s  a r e  recognized and c e r t a i n  precaut ions taken i n  t h e  opera- 
t i o n  of t h e  system. 
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A s  shown i n  t h e  mul t ipa th  ana lys i s ,  la ter  i n  t h i s  sec t ion ,  t h e  d i s t r i b u -  
t i o n  of e r r o r s  i s  centered  about a value near  zero e r r o r .  Although a n  occa- 
s i o n a l  s i n g l e  measurement may be i n  e r r o r  by a l a rge  amount, t h e  average e r r o r  
f o r  a number of measurements tends toward zero. I f  t h e  a i r c r a f t  i s  i n t e r r o -  
gated through one s a t e l l i t e  and t h e  responses a r e  re turned  through two satel- 
l i t e s ,  t h e  mul t ipa th  e r r o r  on t h e  l i n k  from t h e  s a t e l l i t e  t o  t h e  a i r c r a f t ,  t h a t  
i s  t h e  in t e r roga t ing  s i g n a l ,  w i l l  d i sp l ace  t h e  two r e t u r n s  by t h e  s a m e  amount, 
A s  a consequence a f i x  determinat ion based on t h e  measurement w i l l  have a f i x  
e r r o r  t h a t  l i es  along a hyperbol ic  l i n e  of pos i t ion .  Mult ipath on t h e  r e t u r n  
l i n k s  from t h e  a i r c r a f t  t o  t h e  satel l i tes  are independent and t h e r e f o r e  w i l l  
not tend t o  cause e r r o r s  l y ing  along hyperbol ic  l i n e s  of pos i t ion .  However, 
t h e  o v e r a l l  e f f e c t  of mul t ipa th  i s  t o  produce f i x  e r r o r s  t h a t  tend t o  l i e  
along a hyperbol ic  l i n e  i f  i n t e r roga t ions  are through one sa te l l i t e  and re- 
sponses through two, 

The accuracy of t h e  VHF system can be improved by tak ing  more than  t h e  
minimum number of p o s i t i o n  f i x e s  t h a t  a r e  requi red  and by r e l a t i n g  these  pos i -  
t i o n  f i x e s  t o  each o the r  so  t h a t  t h e  t r a c k  of t h e  c r a f t  can be monitored and 
those  occasional  f i x e s  t h a t  show a l a rge  devia t ion  from t h e  expected t r a c k  
can  be regarded with less credence than  t h e  o thers .  I f  f i x e s  are requi red  on 
a c r a f t  a t  infrequent  i n t e r v a l s  it would be advantageous t o  t ake  th reeso r  more 
f i x e s  and compare them t o  a r r i v e  a t  t h e  accepted value of t h e  p o s i t i o n  f i x .  
Since t h e  l a r g e s t  uncont ro l lab le  f a c t o r  appears t o  be t h e  sea r e f l e c t i o n  mul t i -  
path,  sur face  c r a f t  w i l l  be less subjec t  t o  occasional  f i x  e r r o r s  of l a rge  
magnitude. 

The June 1 2  f l i g h t  from J o l i e t  t o  Omaha v i a  Minneapolis w a s  a t es t  of 
two s a t e l l i t e  p o s i t i o n  f i x i n g  performance over land. It was t h e  f i r s t  test  
made with an  a i r c r a f t  i n  f l i g h t  where t h e  e l eva t ion  angles  from both satel- 
l i t e s  t o  t h e  a i r c r a f t  were high enough t o  correspond with t h e  minimum eleva-  
t i o n  angles  t h a t  would be used i n  an  ope ra t iona l  system, although t h e  pa th  
from ATS-1 t o  t h e  Observatory which inf luences  t h e  accuracy of t h e  system was 
much below t h e  e l eva t ion  angle  requi red  f o r  an  ope ra t iona l  system. The s igna l -  
t o -no i se  r a t i o  a t  t h e  a i r c r a f t  r ece ive r  w a s  poor because t h e  a i r c r a f t  was 
f ly ing  i n  t h e  v i c i n i t y  of thunder storms. A s  a r e s u l t ,  t h e  l i n k  performance 
w a s  worse than  t h a t  of t h e  following day when t h e  a i r c r a f t  w a s  i n  t h e  same 
geographical a rea .  A l l  t h r e e  antenna modes were t e s t e d :  t h e  horizon and 
zeni th  modes of t h e  Satcom antenna, and t h e  VHF b lade ,  In t e r roga t ions  were 
made through ATS-1 as w e l l  as through ATS-3. Although t h e  l i n k  performance 
w a s  marginal throughout most of t h e  tests,  t h e  accuracy of t h e  p o s i t i o n  f i x  
measurements made were not s i g n i f i c a n t l y  d i f f e r e n t  from t h e  r e s u l t s  obtained 
under good s i g n a l  condi t ions  t h e  following day. 

The same equipment delay b i a s  va lues  w e r e  used i n  computing t h e  June 12  
and 13 p o s i t i o n  f ixes .  A comparison of sa te l l i t e  and VORTAC p o s i t i o n s  i s  
presented i n  Table 6-4, and p l o t t e d  i n  Figure 6-4. 
d i r e c t l y  compared a s  t h e  t i m e s  of t h e  p o s i t i o n  f i x e s  by t h e  two d i f f e r e n t  
methods do not  exac t ly  correspond. The VORTAC and t h e  s a t e l l i t e  p o s i t i o n s  
agree  with t h e  p o s i t i o n  f i x e s  on t h e  following day wi th in  expected to le rances ,  
demonstrating t h a t  t h e r e  were no observable  changes i n  t h e  equipment t i m e  de- 
lays .  

The values  cannot be 

VORTAC der ived a i r c r a f t  p o s i t i o n s  were t h e  most accura te  means a v a i l a b l e  
during t h e  f l i g h t s ,  but a r e  not t o  be construed a s  a s tandard of comparison 
f o r  t h e  performance of t h e  s a t e l l i t e  l oca t ion  technique. A t  bes t ,  t h e  VORTAC 
pos i t i ons  a r e  accura te  t o  f 1 n a u t i c a l  m i l e .  
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COMPARISON OF SATELLITE AND VORTAC POSITION FIXES 
DC-6B AIRCRAFT - June (2,1969 

43'30' N 
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TABLE 6-4 

COMPARISON OF SATELLITE AND VORTAC POSITION FIXES 
DC-6B AIRCRAFT - June 12, 1969 

S a t e l l i t e  P o s i t i o n  F i x e s  

Time-GMT L a t i t u d e  Long it u de 

14 17 58 43'47' 24" 94'06' 11" 

14 20 31 43'35' 23" 94'16' 29" 

14 20 43 43'35' 19" 94'16' 49" 

14 20 49 43'34' 12' 94'17 ' 07" 
14 21 55 43'3 1' 30" 94'19' 11" 

14 22 25 43 ' 2 9 ' 18" 94'21' 44" 

14 23 49 43'24' 32" 94'25' 29" 

14 23 52 43'23' 57" 94'26' 00" 

14 24 40 43'21' 07" 94'28' 22" 

VORTAC P o s i t  ion Fixes 

Time-GMT L a t i t u d e  Long it u d e  

14 17 06 43'46' 94'12' 

14 20 53 43'32' 94'20' 

14 22 08 43'28' 94O2 3' 

14 23 22 43'23' 94'26' 

14 24 35 43'18' 94'28' 
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The June 20 f l i g h t  tes t  w a s  made t o  eva lua te  t h e  p rec i s ion  of ranging 
measurements through ATS-3 t o  a high performance je t  a i r c r a f t  on t h e  North 
A t l a n t i c  p r i n c i p a l  rou tes ,  The KC-135 a i r c r a f t  flew a t  39,000 f ee t .  The 
blade antenna was used throughout t h e  test  so t h a t  t h e  e f f e c t s  of mult ipath 
combined with ranging f luc tua t ions  due t o  low s igna l - to-noise  and rece iver  
delay c h a r a c t e r i s t i c s  t o  produce scatter i n  t h e  readings.  Standard devia t ion  
of t h e  measurements va r i ed  from approximately 8 microseconds t o  11 micro- 
seconds. A histogram of a l l  t h e  range measurements i s  p l o t t e d  i n  Figure 6-5. 
The envelope of t h e  histogram suggests t h e  shape of range e r r o r  p robab i l i t y  
d i s t r i b u t i o n  t h a t  could be obtained by convolving a curve l i k e  one of t h e  
dashed l i n e  curves i n  Figure 6-12 of t h e  mult ipath ana lys i s  t h a t  follows 
l a t e r  i n  t h i s  sect ion.  The l i m i t s  of t h e  convolved curve would be double t h e  
l i m i t s  of a one-way ranging curve as shown i n  Figure 6-6. 
a maximum devia t ion  range measurement i n  t h e  long d i r e c t i o n  which i s  approxi- 
mately twice t h a t  of t h e  l a r g e s t  devia t ion  i n  t h e  shor t  d i rec t ion .  The lower 
s c a l e  shows t h e  approximately c ros s - t r ack  e r r o r  i f  t h e  range measurements are 
pro jec ted  on t h e  e a r t h  f o r  a s a t e l l i t e  having an e l eva t ion  angle  of 25 degrees. 
It ind ica t e s  t h e  p rec i s ion  of c ros s - t r ack  monitoring t h a t  would be achieved 
f o r  a s a t e l l i t e  a t  mid-ocean longitude while monitoring c ross - t rack  pos i t i ons  
of a i r c r a f t  f l y ing  a t  maximum a l t i t u d e s  on North A t l a n t i c  routes  wi th  s i g n a l  
condi t ions  l i k e  those of t h e  experiment. It i s  expected t h a t  an  opera t iona l  
system would have s t ronger  s igna l s ,  antennas with b e t t e r  d i scr imina t ion  aga ins t  
mult ipath than  t h e  VHF blade,  and b e t t e r  ground s t a t i o n  rece iver  cha rac t e r i s -  
t i c s  than  were used i n  t h e  experiment. Nevertheless,  t h e  experimental  r e s u l t ,  
as it s tands,  appears  t o  have s u f f i c i e n t  p rec i s ion  f o r  u s e f u l  c ross - t rack  sur -  
ve i l lance .  

The histogram shows 

Range e r r o r  due t o  sea r e f l e c t i o n  mult ipath i s  a funct ion of t h e  r e l a t i v e  
amplitudes of t h e  r e f l e c t e d  and d i r e c t  s igna l s ,  t h e  delay of t h e  r e f l e c t e d  
s i g n a l  behind t h e  d i r e c t  s igna l ,  and t h e  rad io  frequency phase d i f f e rence  be- 
tween the  d i r e c t  and r e f l e c t e d  s igna ls .  A s  an  a i r c r a f t  f l i e s  through a d i s -  
tance  such t h a t  t h e  r ad io  frequency pa th  length d i f f e rence  of t h e  d i r e c t  and 
r e f l e c t e d  s i g n a l s  changes by one wavelength a t  t h e  r ad io  frequency, t h e  one- 
way range e r r o r  due t o  specular  sea r e f l e c t i o n  w i l l  vary i n  a manner t y p i f i e d  
by one of t h e  curves i n  Figure 6-6. The a i r c r a f t  may f l y  a considerable  d i s -  
t ance  i n  s t r a i g h t  and l e v e l  f l i g h t  t o  change t h e  pa th  length d i f f e rence  by one 
wavelength, but t h e  a i r c r a f t  need only move v e r t i c a l l y  a few f e e t  t o  change t h e  
pa th  length d i f f e rence  by one wavelength a t  VHF. 

Figure 6-7 depic t s  t h e  geometry and t h e  t i m e  delay of t h e  r e f l e c t e d  s i g n a l  
behind t h e  d i r e c t  s igna l .  It i s  assumed t h a t  t h e  s a t e l l i t e  i s  very d i s t a n t  
and t h a t  t h e  e a r t h  i s  f l a t  i n  t h e  region of t h e  a i r c r a f t .  Jet a i r c r a f t  com- 
monly f l y  a t  a l t i t u d e s  between 29,000 and 41,000 f ee t .  A s  shown by t h e  curve, 
t h e  t i m e  delay of t h e  r e f l e c t e d  s i g n a l  behind t h e  d i r e c t  s i g n a l  can be seve ra l  
t e n s  of microseconds. The long time delay can cause a considerable  phase 
e r r o r  i n  t h e  de tec ted  audio frequency s igna l .  
t h a t  t h e  maximum t i m e  delay i s  s h o r t e r  t han  t h e  per iod  of t h e  audio frequency 
used i n  t h e  experiment, so  t h a t  t h e r e  w a s  no ambiguity. 

It should be noted, however, 

Figure 6-8 presents  phasor r e l a t ionsh ips  wi th  sea r e f l e c t i o n  present  f o r  
t h e  c a r r i e r ,  t h e  upper and lower sidebands of a narrowband frequency modulated 
s igna l ,  o r  an  amplitude modulated s igna l .  
each be considered a s  a s i n g l e  rad io  frequency which i s  continuous f o r  t h e  
per iod  of t h e  synchronizing s i g n a l  tone burs t .  The t h r e e  s igna l s  are coherent ly  
r e l a t e d  and separa ted  i n  frequency by t h e  modulating audio frequency. 

The c a r r i e r  and t h e  sidebands may 
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FIGURE 6-7 

GEOMETRY AND TIME DELAY OF REFLECTED SIGNAL 
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Multiply ord ina te  value by a i r c r a f t  a l t i t u d e  i n  thousands of  
f ee t  t o  determine r e f l e c t e d  s igna l  delay i n  microseconds. 
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FIGURE 6-8 

PHASOR RELATIONSHIPS WITH SEA REFLECTIONS 

D i r e c t  D e l a y e d  $ D i r e c t  Delayedl D i r e c t  

LOWER SIDEBAND CARRIER UPPER SIDEBAND 
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We a r e  i n t e r e s t e d  only i n  the  phase d i s t o r i i o n  caused by the  s e a  r e f l e c -  
t i o n ;  and t h e r e f o r e ,  we ha772 shown the  d i r e c t  s i g n a l s  a l l  a t  t he  same reference  
phase. The r a d i o  frequencies  of the  c a r r i e r  and the  sidebands a r e  s l i g h t l y  
d i f f e r e n t ,  but t he  t i m e  delay f o r  t h e  r e f l e c t e d  s i g n a l s  i s  the  same f o r  a l l .  
The phase displacement of t h e  delayed c a r r i e r  behind t h e  d i r e c t  carrier s i g n a l  
becomes g r e a t e r  as the  t i m e  delay becomes g r e a t e r .  Because the  lower sideband 
is a t  a lower frequency, t h e  delayed lower sideband i s  not d i sp laced  i n  phase 
as much as the  c a r r i e r ;  whereas the  upper s ideband,  because i t  is  a t  a higher  
frequency than the  c a r r i e r ,  i s  advanced f a r t h e r  i n  phase than the  car r ie r .  
Their  displacements f rom t h e  delayed c a r r i e r  phase are of the same magnitude, 
but i n  oppos i te  d i r e c t i o n s .  

The phasor r e s u l t a n t s  t h a t  are  i l l u s t r a t e d  by t h e  phasors with l a rge  
arrow-heads i n  the  f i g u r e  represent  t he  a c t u a l  c a r r i e r  and sideband components 
t h a t  are present  a t  t h e  input  t o  t h e  r ece ive r .  They a re  d i f f e r e n t  i n  t h e i r  
r e l a t i v e  phases and amplitudes from the  s i g n a l  components t h a t  would be present  
i f  t he re  were no sea  o r  ground r e f l e c t i o n .  

Figure 6-9 i l l u s t r a t e s  t h e  e f f e c t  on one of t he  s i g n a l  components, t he  
c a r r i e r  or  e i t h e r  sideband, as the  a i r c r a f t  moves through a d i s t ance  and 
d i r e c t i o n  such t h a t  t h e r e  i s  a change of one r a d i o  frequency wavelength be- 
tween the  d i r e c t  s i g n a l  and r e f l e c t e d  s i g n a l  pa th  lengths .  A s  t h i s  change 
occurs ,  the  r e f l e c t e d  s i g n a l  component makes 360 degrees of phase change 
r e l a t i v e  t o  t h e  d i r e c t  s i g n a l .  In  the  f i g u r e ,  a c i r c l e  represents  t h e  t i p  of 
t h e  r o t a t i n g  r e f l e c t e d  s i g n a l  phasor r e l a t i v e  t o  t h e  d i r e c t  s i g n a l  phasor. 
The u p p e r  diagram shows t h e  r e l a t i o n s h i p  f o r  a r e l a t i v e  s i g n a l  amplitude of 
0 .25;  t h a t  i s ,  the  amplitude of the  r e f l e c t e d  s i g n a l  i s  one-fourth t h e  a m p l i -  
tude of t he  d i r e c t  s i g n a l .  I n  t h e  lower f i g u r e ,  t h e  r e f l e c t e d  s i g n a l  is 0.75 
times the  d i r e c t  s i g n a l  amplitude.  The dashed phasors represent  the  r e s u l t a n t s  
f o r  severa l  po in ts  during the  r o t a t i o n  of t h e  r e f l e c t e d  s i g n a l  r e l a t i v e  t o  the- 
d i r e c t  s i g n a l .  It w i l l  be noted t h a t  t h e  amplitude of t h e  r e s u l t a n t  phasor 
changes and t h a t  i t s  phase r e l a t i v e  t o  t h e  d i r e c t  s i g n a l  a l s o  changes. The 
l a rge r  t he  r a t i o  of t he  r e f l e c t e d  t o  d i r e c t  s i g n a l ,  t h e  l a r g e r  i s  t h e  r e l a t i v e  
phase change. It i s  a l s o  important t o  note  t h a t  t he  phase change of t h e  re -  
s u l t a n t  r e l a t i v e  t o  t he  d i r e c t  s i g n a l  i s  no t  s inuso ida l ,  but changes r a t h e r  
slowly when t h e  r e f l e c t e d  and d i r e c t  s i g n a l s  a r e  i n  phase, and changes very 
r ap id ly  when they are  out  of phase. 

Figure 6-10 presents  t h e  phase displacement of t h e  phasor r e s u l t a n t  r e l a -  
t i v e  t o  the  d i r e c t  s i g n a l  phase f o r  four  d i f f e r e n t  amplitude r a t i o s  as the  
r e l a t i v e  path lengths  change by one wavelength. 

Figure 6-11 compares t h e  phase changes of t he  car r ie r  and the two s i d e -  
bands as the  d i f f e rence  i n  pa th  length  changes by one wavelength a t  t he  r a d i o  
frequency. Referring t o  Figure 6-8, t he  Phasor Relat ionships  with Sea Reflec-  
t i o n ,  i t  i s  apparent t h a t  t he  p a t t e r n  of phase displacement f o r  t he  c a r r i e r  
and the  sidebands i s  s h i f t e d  by an amount propor t iona l  t o  the  time delay of 
t h e  r e f l e c t e d  s i g n a l  behind the  d i r e c t  s i g n a l .  For one RF path length  change, 
we may ignore the  f a c t  t h a t  t h e  sideband delayed s i g n a l  phasors as depic ted  i n  
Figure 6-8 do not  make exac t ly  one r o t a t i o n  r e l a t i v e  t o  the  d i r e c t  s i g n a l s  i f  
t he  c a r r i e r  does make exac t ly  one r o t a t i o n .  It i s ,  however, t h i s  very small 
d i f fe rence  t h a t  accumulates over many wavelengths d i f f e rence  i n  path length  t o  
produce the  phase displacements when the delay of t h e  r e f l e c t e d  s i g n a l  i n -  
c reases  t o  s i g n i f i c a n t  va lues .  
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FIGURE 6-9 

EFFECT OF AMPLITUDE CHANGE ON PHASOR RESULTANT 
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FIGURE 6-10 
DISPLACEMENT OF SIGNAL PHASOR DUE TO SEA REFLECTION 
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FIGURE 6-11 

PHASE CHAXGE FOR 360 DEGREE (RJ?) PATHLENGTH 
CHANGE, DIRECT AND REFLECTED SIGNALS 
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When t h e  carrier and two sidebands of a frequency modulation s i g n a l  d i s -  
t o r t e d  by sea r e f l e c t i o n  mul t ipa th  are  app l i ed  t o  a frequency d i sc r imina to r ,  
t h e  de tec ted  audio frequency s i g n a l  i s  d isp laced  i n  phase from t h e  phase it 
would have without mul t ipa th  as  shown i n  Figure 6-6, where phase e r r o r  i s  
p l o t t e d  a s  a ranging t i m e  e r r o r  f o r  a s p e c i f i e d  tone  frequency and r e f l e c t e d  
s i g n a l  delay.  The range e r r o r  depends upon t h e  r a t i o  of t h e  r e f l e c t e d  s i g n a l  
amplitude t o  d i r e c t  s i g n a l  amplitude, t h e  r ad io  frequency phase d i f f e r e n c e  
between t h e  d i r e c t  and r e f l e c t e d  s i g n a l s ,  and t h e  t i m e  delay of t h e  r e f l e c t e d  
s i g n a l  behind t h e  d i r e c t  s igna l .  I f  t h e  r e f l e c t e d  s i g n a l  amplitude i s  nea r ly  
equal  t o  t h e  d i r e c t  s i g n a l  amplitude,  t h e  one-way range e r r o r  due t o  specular  
sea r e f l e c t i o n  v a r i e s  from approximately one-half  t h e  delay t i m e  less  than  
t h e  t r u e  ranging t i m e  va lue  t o  approximately two t i m e s  g r e a t e r  t h a n  t h e  delay 
t i m e .  The l a r g e s t  e r r o r  tends  t o  be e l imina ted  because i t  occurs when t h e  
rad io  frequency s i g n a l s  a r r i v e  out of phase, t h e  rece ived  s i g n a l  s t r e n g t h  
tends towards zero and may not be de tec ted .  

The range e r r o r  p r o b a b i l i t y  d i s t r i b u t i o n  i s  depic ted  i n  Figure 6-12. 
The s o l i d  l i n e  curve w a s  c a l c u l a t e d  from t h e  computed r e s u l t s  of t h e  0 . 1  ampli- 
tude curve of Figure 6-6. 
puted, but t h e i r  exact shape i s  approximated. 
represents  u n i t y  p robab i l i t y .  
matical ana lys i s ,  examination of t h e  computed curves suggests  t h a t  t h e  proba- 
b i l i t y  of a range e r r o r  being longer t h a n  t h e  t r u e  va lue  i s  equal  t o  t h e  
p r o b a b i l i t y  t h a t  it i s  s h o r t e r  t h a n  t h e  t r u e  value.  The magnitudes of t h e  
e r r o r s  i n  t h e  long d i r e c t i o n  can be l a r g e r  than  t h e  magnitudes of  t h e  e r r o r s  
i n  t h e  shor t  d i r e c t i o n ,  but t h e i r  p r o b a b i l i t y  of occurrence i s  lower. The 
average e r r o r  f o r  a l a r g e  number of range measurements tends  towards zero  
e r r o r  i n  t h e  presence of specular  sea r e f l e c t i o n .  

The dashed l i n e  curves have l i m i t s  t h a t  were com- 

Although it was not  proven by r igorous  mathe- 
The area under each curve 

The down-link and up- l ink  f requencies  f o r  t h e  ATS ranging and p o s i t i o n  
f ix ing  experiment were d i f f e r e n t ,  being 135.6 MHz on t h e  down-link and 149.22 
MHz on t h e  up-link. Sea r e f l e c t i o n  mul t ipa th  can  a f f e c t  both l i n k s .  Because 
of t h e  very l a r g e  number o f  RF wavelengths between t h e  s a t e l l i t e  and t h e  a i r -  
c r a f t ,  t h e  r a d i o  frequency phase d i f f e rences  on t h e  two pa ths  are dependent 
and t h e r e f o r e  t h e  t o t a l  e f f e c t  of sea r e f l e c t i o n s  on t h e  two pa ths  must be 
determined by convolving t h e  range e r r o r  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  t h e  
one-way path,  shown i n  F igure  6-12. The r e s u l t  of  t h e  convolut ion i s  depic ted  
i n  Figure 6-13 f o r  t h e  case of an  amplitude r a t i o  equal  t o  0.1. The convolu- 
t i o n  extends t h e  l i m i t s  t o  twice t h e  l i m i t s  of t h e  one-way ranging curves with 
equal  p r o b a b i l i t i e s  of e r r o r s  i n  t h e  long o r  sho r t  range d i r e c t i o n s .  The 
inaximum e r r o r  expected i n  t h e  sho r t  d i r e c t i o n  i s  less than  t h e  maximum e r r o r  
i n  t h e  long d i r e c t i o n .  Maximum e r r o r s  expected f o r  t h e  0,25 amplitude r a t i o  
dashed l i n e  of Figure 6-12 would be approximately -10 and +16 microseconds, 
and f o r  t h e  0 , 5  amplitude r a t i o ,  approximately -16.5 and +36 microseconds. 

Experimental v a r i a t i o n s  i n  range measurement are  due t o  many f a c t o r s ,  
including s igna l - to-noise  r a t i o ,  equipment t i m e  de lay  v a r i a t i o n s  as a func t ion  
of s i g n a l  amplitude,  and d i f f u s e  mul t ipa th  e f f e c t s  as w e l l  as t h e  specular  
mult ipath e f f e c t s  t h a t  were considered i n  t h e  foregoing ana lys i s .  Some of  t he  
da ta  obtained on over-water f l i g h t s  were examined t o  see i f  t h e  e f f e c t s  could 
be observed. Time delay w a s  p l o t t e d  as a func t ion  of  t i m e  f o r  some of t h e  
over-water f l i g h t s .  I n  some cases ,  a c y c l i c  p a t t e r n  of range v a r i a t i o n  about 
t h e  mean suggested t h e  shape of t h e  curve shown i n  Figure 6-6. An example i s  
t h e  p l o t  of a po r t ion  of t h e  June 13,DC-6B f l i g h t ,  shown i n  Figure 6-14. The 
DC-6B c r a f t  w a s  a t  21,000 f e e t  over Lake Michigan us ing  t h e  horizon mode 
antenna. A po r t ion  of t h e s e  da ta ,  extending over  a pe r iod  longer than  t h e  
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2.5 minute per iod  of Figure 6-14, was p l o t t e d  a s  a histogram and i s  presented 
i n  t h e  lower po r t ion  of Figure 6-15. While it cannot be concluded t h a t  t h e  
envelope shape of t h e  histogram i s  t h e  r e s u l t  of sea r e f l e c t i o n  multipath,  it 
i s  i n t e r e s t i n g  t o  compare it with Figure 6-13. The corresponding histogram 
f o r  t h e  responses through ATS-1 i s  a l s o  p lo t t ed ,  but no s ign i f i cance  i s  a t -  
tached t o  i t s  envelope shape. 

Range measurements from ATS-3 t o  t h e  KC-135 a i r c r a f t  over t h e  North 
At l an t i c  a t  39,000 f e e t  a r e  p l o t t e d  a s  a histogram i n  Figure 6-5. The envelope 
of t h e  histogram suggests t h e  shape of a d i s t r i b u t i o n  curve f o r  two-way ranging 
t h a t  would r e s u l t  from convolving one of t h e  dashed l i n e  curves of Figure 6-12. 
The l i m i t s  of t h e  experimental  data  are - 2 1  and 4-44 microseconds, wi th  compara- 
t i v e l y  few measurements near  t h e  l a r g e s t ,  longer range values ,  
w a s  using a VHF blade antenna t h a t  i s  s e n s i t i v e  t o  sea re f l ec t ions .  

The a i r c r a f t  

Multipath e r r o r s  a r e  expected t o  increase  with t h e  a l t i t u d e  of t h e  a i r -  
c r a f t  i f  t h e  e l eva t ion  angle  t o  t h e  sa te l l i t e  does not change, During t h e  
June 6 f l i g h t  o f f  t h e  coast  of New Jersey ,  t h e  a i r c r a f t  flew a t  20,000 f e e t  
and a l s o  a t  5,000 f ee t .  Histograms of range measurements made a t  each a l t i -  
tude a r e  presented i n  Figure 6-16. Standard devia t ion  of t h e  range measure- 
ments was 2 . 1  microseconds a t  5,000 f e e t  and 3.0 microseconds a t  20,000 f e e t  
f o r  t h e  da ta  samples p l o t t e d  i n  t h e  f igure.  The l a r g e r  number of po in t s  
p l o t t e d  f o r  20,000 f e e t  r e f l e c t s  t h e  longer dura t ion  of t h e  data  sample. 
are bel ieved t o  be s t a t i s t i c a l l y  s i g n i f i c a n t  so t h a t  t h e  standard devia t ions  
and histograms can be compared d i r e c t l y .  

Both 
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FIGURE 6-16 

RANGE MEASUREMENT DISTRIBUTIONS 
FOR TWO ALTITUDES OVER OCEAN 

6 June 1969 

Al t i t ude :  20,000 f ee t  
Heading: South . . .  
Time: 1345 - 1355 GMT . . .  
Reflected Signal  Delay: 26.0 lJls . . . . .  
Standard Deviation: 3.0 p s  ...... 

. . .  . . . .  
...... 
...... ...... ...... 
. . * * . .  * . . * . .  ...... ........ ........ ........ ........ ........ ......... ......... .......... .............. .............. ................ ................. 

- 10 8 $.lo 
Microseconds 

DiwlaeemeAt from Mean 

Alt i tude:  5,000 f ee t  
Heading: NNE 
T ime :  1308 - 1313 GMT- 
Reflected Signal  Delay:  6.5 LLs 
Standard Deviation: 2 . 1  p s  U. .. .. .. .. .. . . .  ...... ....... ....... ....... ....... ....... ........ ........ ........... 

- 18 0 +10 
Microseconds 

Displacement from Mean 

Ai rc ra f t :  DC-6B 
Location: O f f  New Jersey  Coast 
Antenna: Satcom, Zenith Mode 

Sa te l l i t e :  ATS-3, Elevat ion NN 40° 
Sea S t a t e :  
Wind Direct ion: 
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SECTION 7. SHIP TESTS 

The Coast Guard Cu t t e r  Val iant ,  WMEC-621, based a t  Galveston, Texas, i s  
a 210 foot  sh ip  l i k e  t h e  one shown i n  Figure 7-1,  It w a s  equipped with a 
ranging transponder,  a l s o  shown i n  Figure 7-1.  The lower u n i t  i s  a General 
Electr ic  type DM76LAS mobile r ad io  base s t a t i o n ,  Within t h e  base s t a t i o n  
u n i t ,  t h e  tone-code responder w a s  connected between t h e  r ece ive r  and t r a n s -  
m i t t e r ,  t oge the r  with i t s  s o l i d - s t a t e  power supply. A Parks e l e c t r o n i c  type  
144-1P preampl i f ie r  w a s  a l s o  mounted i n  t h e  u n i t  and connected between t h e  
antenna and rece iver .  The 35 w a t t  output of t h e  mobile r ad io  t r a n s m i t t e r  
w a s  appl ied  t o  a Gonset Model 903 Mark I1 300 w a t t  power ampl i f ie r ,  shown 
above t h e  base s t a t i o n  u n i t .  The osc i l loscope  w a s  used f o r  d i sp lay  of  t h e  
s i g n a l  and i s  not a p a r t  of t h e  transponder.  The equipment was mounted on 
t h e  br idge of t h e  ship.  

The antenna shown i n  Figure 7 - 1  was mounted on t h e  f ly ing  bridge. 
Or ig ina l ly  designed f o r  t h e  NASA OPLE p r o j e c t ,  t h e  antenna c o n s i s t s  of a p a i r  
of crossed d ipo le s  connected f o r  c i r c u l a r  po la r i za t ion .  I ts  ga in  is  3 dB 
toward t h e  zeni th .  It has 0 dB f o r  c i r c u l a r  p o l a r i z a t i o n  a t  45 degrees ele- 
vat ion.  Var ia t ion  i n  azimuth ga in  i s  approximately 2 dB. When used with t h e  
l i n e a r l y  po la r i zed  antenna on t h e  s a t e l l i t e  t h e  antenna ga in  i s  e f f e c t i v e l y  
reduced by 3 dB so t h a t  i t s  zen i th  ga in  i s  approximately 0 dB; i t s  ga in  a t  45 
degrees i s  -3  dBo It i s  even lower a t  t h e  e l eva t ion  angles  t o  t h e  s a t e l l i t e s ,  
which were 29 degrees f o r  ATS-3 and 17 degrees f o r  ATS-1. Figure 7-1 shows 
t h e  loca t ion  of  t h e  antenna on t h e  f l y i n g  br idge re la t ive t o  o ther  s t r u c t u r e s  
of t h e  ship., For c e r t a i n  headings of t h e  sh ip ,  t h e  m a s t  sh ie lded  t h e  antenna 
from one sa te l l i t e  o r  t h e  o ther .  

The equipment w a s  shipped from Schenectady, New York t o  Galveston, Texas 
It w a s  i n s t a l l e d  on t h e  sh ip  and operated without by a i r  on June 20, 1969. 

adjustment e 

Good voice  communications were re layed  through t h e  ATS-3 s a t e l l i t e  between 
t h e  sh ip  and t h e  Radio-Optical Observatory a t  Schenectady. The equipment w a s  
t e s t e d  with t h e  sh ip  a t  i t s  be r th  with a souther ly  heading on June 27, 1969. 
In t e r roga t ions  through ATS-3 had a s tandard devia t ion  as small as 0.7 micro- 
second. This was t h e  smallest devia t ion  experienced with any use r  t ransponder  
i n  t h e  e n t i r e  experiment. While t h e  sh ip  was being in t e r roga ted  through ATS-3 
on June 27, t h e  FAA KC-135 a i r c r a f t ,  N96, made a voice c a l l  through t h e  s a t e l -  
l i t e  which w a s  received a t  Schenectady while  t h e  in t e r roga t ion  of t h e  Coast 
Guard sh ip  w a s  i n  progress .  The a i r c r a f t  s t a t e d  t h a t  it was on t h e  runway i n  
t h e  Azores, ready f o r  take-of f ,  and requested t h a t  range measurements be made 
on t h e  a i r c r a f t  u n t i l  it w a s  a i rborne.  The tone-code generator  and c o r r e l a t o r  
were switched t o  t h e  a i r c r a f t  code a t  t h e  Observatory and successfu l  range 
measurements w e r e  made t o  t h e  a i r c r a f t  as it proceeded down t h e  runway and 
became airborne.  In t e r roga t ion  of t h e  Coast Guard sh ip  a t  Galveston w a s  t h e n  
resumed by switching back t o  i t s  address  code. The unplanned exe rc i se  demon- 
s t r a t e d  t h e  voice  and ranging compa t ib i l i t y  of t h e  tone-code ranging technique, 
as w e l l  as t h e  a b i l i t y  t o  i n t e r r o g a t e  one use r  while  another  u s e r ' s  transponder 
w a s  tu rned  on and r ecep t ive  t o  in t e r roga t ions .  

On Ju ly  1, 1969, t h e  Valiant s a i l e d  t h e  t r a c k  shown i n  Figure 7-2. Course 
changes and o t h e r  a spec t s  of t h e  tes t  w e r e  coordinated by voice communication 
through t h e  sa te l l i t e  between t h e  Observatory and t h e  sh ip ,  
t h e  ship s a i l e d  a t  15 knots. I t s  loca t ion  was determined a t  one-minute i n t e r v a l s  

While underway, 
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by radar  measurements r e l a t i v e  t o  two o i l  r i g s  a t  known pos i t i ons  A and B. I n  
add i t ion  t o  s t r a i g h t - l i n e  courses  a t  var ious  headings, t h e  sh ip  s a i l e d  t h r e e  
complete c i rc les ;  each c i rc le  was approximately one m i l e  i n  diameter. 

Except during shor t  per iods  of vo ice  communication, t h e  sh ip  w a s  i n t e r r o -  
gated through one of t h e  s a t e l l i t e s  a t  three-second i n t e r v a l s .  Responses from 
t h e  sh ip  were re layed  back through both sa te l l i t es  t o  t h e  Observatory. 
of t h e  in t e r roga t ions  were made through ATS-3. It was a l s o  success fu l ly  i n t e r -  
rogated through ATS-1, al though t h e  percentage of responses was lower f o r  ATS-1 
i n t e r roga t ions  because of t h e  r e l a t i v e l y  poorer down-link from ATS-1 t o  t h e  ship.  

Most 

Figures  7-3 and 7-4 showrthe ranging t i m e  i n t e r v a l s  f o r  t h e  s a t e l l i t e s  

The number of r e t u r n s  a s  w e l l  as t h e  magnitude of 
ATS-1 and ATS-3 a s  t h e  sh ip  s a i l e d  t h e  c i rc le  shown i n  Figure 7-2  between t h e  
t i m e s  0303 and 0318 GMT. 
t h e  v a r i a t i o n s  of t h e  t i m e  i n t e r v a l s  c l e a r l y  shows t h e  e f f e c t  of t h e  mast and 
perhaps o the r  sh ip  s t r u c t u r e s  on t h e  antenna pa t t e rn .  The performance changed 
wi th  sh ip  heading so  t h e  da t a  was examined sepa ra t e ly  f o r  shor t  t i m e  i n t e r v a l s  
during t h e  c i rc le .  

A p l o t  of f i x  p r e c i s i o n  was made f o r  each t i m e  i n t e r v a l .  These a r e  shown 
i n  Figures  7-5 through 7-10. The f i x  p rec i s ion  p l o t s  were cons t ruc ted  by f i r s t  
computing a bes t  f i t  curve t o  t h e  p l o t s  of Figures  7 - 3  and 7-4. Lines  of posi-  
t i o n  f o r  ATS-1 and ATS-3 were then  p l o t t e d  f o r  t h e  two r e tu rns  from each ind i -  
v idua l  i n t e r roga t ion .  The i n t e r s e c t i o n  of t h e  two l i n e s  of p o s i t i o n  i s  shown 
a s  a small  c i rc le .  Each l i n e  of p o s i t i o n  was cons t ruc ted  a t  r i g h t  angles  t o  
t h e  azimuth toward t h e  s a t e l l i t e  with t h e  l i n e  of p o s i t i o n  advanced o r  r e t a rded  
by an  amount propor t iona l  t o  t h e  displacement of t h e  range measurement from t h e  
bes t  f i t  curve. The scale f a c t o r s  were c a l c u l a t e d  t o  t ake  i n t o  account t h e  
p r o j e c t i o n  of t h e  e a r t h  of t h e  range measurement f o r  t h e  e l eva t ion  angle  t o  
the  s a t e l l i t e .  Each s m a l l  c i rc le  i s  a measure of f i x  p rec i s ion  including t h e  
e f f e c t s  of instrument measurement r e so lu t ion ,  t i m e  delay v a r i a t i o n s  i n  t h e  
instrumentat ion with s i g n a l  amplitude o r  detuning, t h e  e f f e c t s  of no i se  on t h e  
s i g n a l  and geometr ical  d i l u t i o n  of pos i t i on .  It does not include b i a s  e r r o r s  
due t o  t h e  ionosphere, e r r o r  i n  t h e  estimates of t h e  satel l i tes '  p o s i t i o n s  o r  
i n  t h e  estimate of equipment t i m e  delay. A more d e t a i l e d  d iscuss ion  of t h e  
p rec i s ion  p l o t s  i s  included i n  t h e  s e c t i o n  of t h e  r epor t  descr ib ing  t h e  a i r -  
c r a f t  experiments. 

During t h e  f i r s t  per iod  from 0303 t o  031418 GMT, t h e  s i g n a l  pa ths  were 
r e l a t i v e l y  good. Only one of t h e  twenty-six f i x  estimates f a l l s  ou t s ide  of a 
one n a u t i c a l  m i l e  rad ius  circle. The per iod  from 030420 t o  0307 GMT had 
genera l ly  good s i g n a l  l e v e l s  but t h e r e  are seve ra l  po in t s  which a r e  d isp laced  
f a r t h e r  from t h e  bes t  f i t  curve than  i s  t y p i c a l  of t h e  previous o r  following 
t i m e  per iods ,  The reason has  not been d e f i n i t e l y  assigned but it i s  most 
probable t h a t  it r ep resen t s  a known c h a r a c t e r i s t i c  of t h e  rece iv ing  equipment. 
The rece ivers  exhib i ted  a change i n  t i m e  delay of 5 t o  7 microseconds with 
changes i n  received s i g n a l  leve l .  A comparison of t h e  range measurements f o r  
ATS-1 and ATS-3 a s  shown i n  Figures  7 - 3  and 7-4 r evea l s  t h a t  t h e  displacement 
of t h e  range measurements i s  highly c o r r e l a t e d  i n  t h e  r e t u r n s  from t h e  two 
sa t e l l i t e s ,  i nd ica t ing  t h a t  t h e  var iance  i n  t i m e  delay occurred i n  t h e  r ece ive r  
on t h e  sh ip  as it received t h e  i n t e r r o g a t i o n  s i g n a l  from ATS-3. Because t h e  
e r r o r  causes an  advance o r  delay i n  t h e  t ransmiss ion  of t h e  response from t h e  
sh ip ,  it adds o r  s u b t r a c t s  an  equal  delay t o  t h e  r e t u r n s  from t h e  two s a t e l -  
l i t e s .  The range d i f f e rence  of t h e  measurements remains unchanged and the re -  
f o r e  t h e  f i x  e r r o r s  tend t o  l i e  along a hyperbol ic  l i n e  of pos i t ion .  The e f -  
f e c t  i s  c l e a r l y  evident i n  Figure 7-6 where t h e  p o s i t i o n  f i x e s  are concentrated 
along a genera l ly  north-south l i ne .  
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FIX ERROR DISTRIBUTION 
USCGC VALIANT (WMEC-621) 
1 July 1969, 03 03 00 - 03 04 18 GIVE 

Ship Heading: S 
27 In te r roga t ions  
26 Dual Responses 

N '  

I NAUTICAL MILE RADIUS 

AZIMUTH 255' 
ELEVATION 17' 

ELEVATION 29' 
I 

FIGUR$ 7-5 
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FIX ERROR DISTRIBUTION 
USCGC VALIANT (WMEC-621) 
1 July 1969, 0 3  04 20 - 03 07 00 GI" 

Ship Heading: S t o  SW 
54 In t e r roga t ions  
48 Dual Responses 

t 
1 NAUTICAL MILE RADIUS 

+ 

FIGURE 7-6 
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FIX ERROR DISTRIBUTION 
USCGC VALIANT (WC-621) 
1 July 1969, 03 07 03 - 03 08 18 GMT 

Ship Heading: W 
26 Interrogations 
17 Dual Responses 

ELEVATION 29' I 

FIGURE 7-7  
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FIX ERROR DISTRIBUTION 
USCGC VALIANT (WC-621) 
1 July 1969, 03 08 30 - 03 11 54 GMT 

i 

t 

Ship Heading: W t o  NW 
Antenna Shielded From ATS-3 
7 1  In t e r roga t ions  
37 ATS-1 Responses 
27 ATS-3 Responses 
22 Dual Responses 

117" 
29" 

FIGURE 7-8 
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FIX ERROR DISTRIBUTION 
USCGC VALIANT (WMEC-621) 
1 July  1969, 03 11 57 - 03 14 09 GMTT 

Ship Heading: NNE 
44 In t e r roga t ions  
40 Dual Responses 

1 NAUTICAL MILE RADIUS 

t 

ATS 
AZIMUTH 255' 
ELEVATION 17" 

ATS-3 
AZIMUTH 117' 
ELEVATION 29" 

FIGURE 7-9 
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FIX ERROR DISTRIBUTION 
USCGC VALIANT (WMEC-621) 
1 July 1969, 03 14 15 - 03 17 39 GlvIT 

N 

Ship Heading: NE-E-SE 
Antenna Shielded From ATS-1 
7 0 Int errogat ions 
46 Responses from ATS-3 
17 Responses from ATS-1 
15 Dual Responses 

1 NAUTICAL MILE RADIUS 

t 

ATS - I 
AZIMUTH 255" 
ELEVATION 17' \- ATS - I 
AZIMUTH 255" 
ELEVATION 17' 

at5-3 
AZIMUTH 117' 
ELEVATION 29' 

FIGURE 7-10 
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The pe r iod  from 030703 t o  030818 GMT was cha rac t e r i zed  by good s i g n a l  
l e v e l s ,  s m a l l  s tandard  dev ia t ion  of t h e  measurements, and f i x e s  ly ing  wi th in  
a 1 n a u t i c a l  m i l e  rad ius .  Between 030830 and 031154 GMT t h e  sh ip  w a s  a t  a 
heading such t h a t  t h e  antenna was p a r t i a l l y  sh i e lded  from ATS-3 by t h e  s h i p ' s  
mast. 
t h e  p o s i t i o n  f i x e s  are concent ra ted  along t h e  hyperbol ic  l i n e s  of pos i t i on .  
The antenna w a s  aga in  i n  view of both satel l i tes  between 031157 and 031409 GMT. 
Standard dev ia t ions  w e r e  low and t h e  f i x  p r e c i s i o n  w a s  good. From 031415 t o  
031739 GMT t h e  antenna w a s  sh ie lded  by t h e  mast from ATS-1. The l o s s  i n  s i g -  
n a l s  t o  ATS-1 i s  evident  i n  Figure 7-3. The i n t e r r o g a t i o n  s i g n a l  from ATS-3 
w a s  not rece ived  w e l l  and t h e  scatter of t h e  range measurements a r e  b iased  i n  
one d i r e c t i o n  r e l a t i v e  t o  t h e  da t a  rece ived  a t  good s i g n a l  l e v e l s ,  suggest ing 
t h a t  t h e  s i g n a l  l e v e l s  a s  rece ived  dur ing  t h e  per iod  were i n  t h e  p a r t  of t h e  
r e c e i v e r ' s  dynamic range t o  cause a change i n  t i m e  delay through t h e  rece iver .  
The cause of t h e  changing t i m e  delay through t h e  r e c e i v e r  was t r a c e d  t o  t h e  
l i m i t e r .  A new l i m i t e r  design was t e s t e d  and found t o  reduce t h e  t i m e  delay 
v a r i a t i o n  t o  less  than  one microsecond over t h e  dynamic range of r ece ive r s  of  
t h e  same type.  

The s tandard  dev ia t ion  of t h e  measurements w a s  r e l a t i v e l y  high. Again, 
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SECTION 8. BUOY TESTS 

The Sea Robin buoy was developed and c m s t r u c t e d  by t h e  General  Electr ic  
Company t o  test  key technologies  a p p l i c a b l e  t o  remote, unattended d a t a  c o l l e c -  
t i o n  buoys f o r  sens ing  and r e l ay ing  oceanographic and meteoro logica l  da ta .  
Sea Robin i s  a modified spa r  buoy, approximately fou r  f e e t  i n  diameter  and 
f i f t e e n  f e e t  long, wi th  s t a b i l i z i n g  means designed f o r  mooring i n  t h e  deep 
ocean o r  f o r  f r e e - f l o a t i n g  i n  a l l  sea states. 

During t h e  pe r iod  covered by t h i s  r e p o r t ,  t h e  buoy was t e s t e d  ashore,  i n  
a harbor ,  and a t  a deep sea mooring near  Bermuda, a t  32°10'00" N, 64°54v30" W, 
i n  a j o i n t  Navy-General E l e c t r i c  experiment. The Navy's support  w a s  through 
t h e  Off ice  of Naval Research under Cont rac t  N00014-68-C0467. The experiment 
v e r i f i e d  t h e  sea-worthiness  of t h e  buoy when moored where t h e  ocean depth w a s  
>4000 f e e t ,  u s ing  a 7000 foot  l i n e ,  under a v a r i e t y  of weather and sea states. 

Buoy l o c a t i o n  experiments included VHF ranging from ATS-3 by t h e  tone-code 
ranging technique  and p o s i t i o n  f i x i n g  by OPLE. 
ployed t h e  tone-code ranging equipment, 
a t  HF i n  a s p e c i a l l y  designed experiment. (1) 

Data readout through ATS-3 em- 
Data readout w a s  a l s o  accomplished 

For t h e  d a t a  t ransmiss ion ,  t h e  buoy sensed n ine teen  housekeeping, weather 
and oceanographic condi t ions .  Each da ta  t ransmiss ion  t o t a l e d  336 b i t s .  Data 
were t r a n s m i t t e d  d i r e c t l y  by te lemet ry  t o  a van on shore  which a l s o  commanded 
func t ions  aboard t h e  buoy and monitored i t s  p o s i t i o n  by r ada r  and te lescope .  

Data t ransmiss ion  through t h e  s a t e l l i t e  w a s  accomplished by t h e  use  of 
t h e  t ransmi t te r - rece iver - responder  u n i t  used f o r  t h e  VHF ranging experiment. 
A da ta  t ransmiss ion  followed each range i n t e r r o g a t i o n ,  as shown i n  F igure  8-1. 
Two da ta  rates were t e s t e d ,  2.4414 b i t s  p e r  second and 305 b i t s  p e r  second. 
A t  t h e  h igher  ra te ,  a "one" b i t  w a s  formed by t r a n s m i t t i n g  a n  audio cyc le ,  a 
"zero" by suppress ing  a cyc le .  
t r ansml t t ed  f o r  a lcone'l,  and e i g h t  suppressed f o r  a zero.  
from t h e  buoy c o n s i s t e d  of t h e  t r ansmiss ion  of 1024 cyc le s  a t  2.4414 kJ3z f o l -  
lowed by t h e  address  code, c o n s i s t i n g  of 30 b i t s  a t  t h e  2.4414 rate, and t h e  
address  code followed by a 1.25 second d a t a  t ransmiss ion  t o  accommodate s l i g h t l y  
more than  one complete d a t a  frame a t  t h e  low rate. The r a d i o  frequency energy 
t r ansmi t t ed  from t h e  buoy w a s  approximately 50 w a t t  seconds f o r  t h e  ranging 
s i g n a l  (120 watts f o r  0.43 second) and 150 watt-seconds (120 watts f o r  1.25 
seconds) f o r  t h e  da t a  t ransmission.  

A t  t h e  lower rate,  e i g h t  audio cyc le s  were 
A complete response 

The t ransponder  aboard t h e  Sea Robin c o n s i s t e d  of a 35 w a t t ,  s o l i d - s t a t e  
FM mobile r a d i o  t r a n s m i t t e r - r e c e i v e r  wi th  a 120 w a t t  s o l i d - s t a t e  a m p l i f i e r ,  
and t h e  f i r s t  experimental  responder u n i t  f o r  phase matching, address  c o r r e l a t i n g ,  
c locking  f o r  t h e  d i g i t a l  d a t a  readout ,  and switching of  t h e  r ece ive r  and t r a n s -  
m i t t e r ,  
r e l i a b l y  throughout t h e  tes t  a t  t h e  mooring. The tes ts  confirmed t h e  advan- 
t a g e s  of t h e  tone-code ranging technique.  

Despi te  t h e  e a r l y  s ta te  of t h e  responder development, it performed 

The s a t e l l i t e  antenna i s  l i n e a r l y  po la r i zed .  Hor i zon ta l  and ver t ica l  
l i n e a r ,  and c i r c u l a r  p o l a r i z a t i o n  were a v a i l a b l e  a t  t h e  Radio-Optical  Observa- 
t o ry .  Sea Robin had two l i n e a r l y  p o l a r i z e d  antennas mounted a t  r i g h t  angles  
wi th  a switching arrangement t o  permit t ransmiss ion  and r ecep t ion  on e i t h e r ,  
o r  r ecep t ion  on one and t ransmiss ion  on t h e  o ther .  
were designed so t h a t  lnformation could be obta ined  about t h e  d i f f e r e n c e  i n  

These antenna arrangements 
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RANGING AND DATA READ-OUT SIGNALS FROM SEA ROBIN 

The compat ib i l i ty  of tone-code ranging 
with d i g i t a l  communications was demonstrated 
by t r ansmi t t i ng  sensor da ta  from t h e  buoy i n  
d i g i t a l  form using the  clock of t h e  tone- 
code responder. A sample read-out i s  record- 
ed a t  l e f t .  

A t  t h e  top  of t h e  page i s  t h e  las t  ha l f  
of t h e  tone-code in t e r roga t ion  a s  it was re -  
ceived a t  t h e  Radio-Opt i c a l  Observatory. 
During t h i s  time it was a l s o  being received 
by Sea Robin and t h e  tone was used t o  phase 
t h e  l o c a l  tones i n  the  buoy and t h e  Observ- 
a tory .  The code a t  the  end of t h e  tone i s  
evident i n  t h e  recording a s  a p a t t e r n  of 
2.4414 kHz t ransmi t ted  and suppressed cyc les ,  
Corre la t ion  of t h e  code i d e n t i f i e s  Sea Robin 
and provides a t iming pulse  f o r  t h e  s t a r t  of 
t h e  ranging t i m e  i n t e r v a l ,  Receiver no ise  i s  
evident f o r  t h e  t i m e  i n t e r v a l  represent ing 
t h e  b u i l t - i n  time delay i n  Sea Robin. The 
Sea Robin r e t u r n  s i g n a l  q u i e t s  t h e  r ece ive r  
and t h e  tone recept ion  follows, Af te r  t he  
tone,  t h e  address code i s  received and cor- 
r e l a t ed ,  The t i m e  between c o r r e l a t i o n s  of 
t h e  address code a t  t h e  Observatory i s  t h e  
ranging time in t e rva l .  Following t h e  code 
from Sea Robin i s  a po r t ion  of t h e  da ta  
read-out a t  

2'4414 w 305 b i t s  pe r  second 8 

with e ight  t ransmi t ted  cyc les  represent ing 
a d i g i t a l  one and e ight  suppressed cyc les  
represent ing a d i g i t a l  zero. Sensor da ta  
were a l s o  successfu l ly  t ransmi t ted  a t  t h e  
2.4414 kHz rate by t r ansmi t t i ng  a s i n g l e  
audio cycle  f o r  a one and suppressing a 
cyc le  f o r  a zero, a s  i n  t h e  address code 
t ransmi s s ion. 

FIGURE 8-1 
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Faraday r o t a t i o n  between t h e  up- l ink  frequency of 149.22 MHz and t h e  down-link 
frequency of 135.6 MHz. 
were not a v a i l a b l e  a t  t h e  Observatory during t h e  test  per iod.  
was added later.  
r o t a t i o n  of p o l a r i z a t i o n  a t  t h e  two f requencies  w a s  observed f requent ly ,  making 
it d e s i r a b l e  t o  receive on one l i n e a r  p o l a r i z a t i o n  and t r ansmi t  on t h e  o ther .  
A switching sequence w a s  d e l i b e r a t e l y  introduced a t  t h e  buoy t o  observe t h e  
e f f e c t ,  r e s u l t i n g  i n  a n  a n t i c i p a t e d  f a i l u r e  t o  respond t o  some i n t e r r o g a t i o n s ,  

Separa te  receive and t r ansmi t  p o l a r i z a t i o n  angles  
The c a p a b i l i t y  

A d i f f e r e n c e  of approximately 90 degrees  i n  t h e  Faraday 

On one occasion, as r epor t ed  i n  Sec t ion  5,  t h e  February 12, 1969 da ta ,  
severe  ampli tude s c i n t i l l a t i o n  was observed f o r  t h e  p a t h  between t h e  Observa- 
t o r y  and ATS-3. 
Observatory r e t u r n  from t h e  s a t e l l i t e  sugges ts  t h a t  no s c i n t i l l a t i o n  occurred 
a long  t h e  pa th  from t h e  sa te l l i t e  t o  t h e  Sea Robin., Range measurement v a r i a -  
t i o n s  were c o r r e l a t e d  wi th  s i g n a l  amplitude,  but by a n  amount equal  t o  t h e  
s e p a r a t e l y  measured r e c e i v e r  c h a r a c t e r i s t i c s  of  t i m e  de lay  change wi th  s i g n a l  
amplitude.  It w a s  concluded t h a t  t h e r e  were no s i g n i f i c a n t  changes i n  propa- 
g a t i o n  t i m e  a s s o c i a t e d  wi th  t h e  changes i n  s i g n a l  ampli tude due t o  s c i n t i l l a -  
t i o n .  

The c o r r e l a t i o n  of t h e  fad ing  of t h e  Sea Robin wi th  t h e  

The conclus ion  i s  supported by t h e  September 5 da ta ,  Sec t ion  5. 

Ranging i n t e r r o g a t i o n  pe r iods  f o r  Sea Robin t o t a l e d  222 minutes between 
F u l l  scale ope ra t iona l  t e s t i n g  began on A p r i l  

Operat ion of t h e  system cont inued p e r i o d i c a l l y  u n t i l  May 30, 1969 

February 13 and May 22, 1969. 
13, 1969 when t h e  buoy w a s  anchored 6.5 m i l e s  south of Bermuda i n  4272 f e e t  
of water. 
when t e s t i n g  w a s  t e rmina ted  and t h e  buoy and complete mooring were recovered. 
While a t  t h e  deep sea mooring, an  i n t e r r o g a t i o n  pe r iod  w a s  t h r e e  minutes long, 
wi th  a n  i n t e r r o g a t i o n  t o  t h e  buoy each t h r e e  seconds. Each i n t e r r o g a t i o n  pe r iod  
w a s  preceded by a 30 second tone  t ransmiss ion  from t h e  ground s t a t i o n  through 
t h e  s a t e l l i t e .  
t h e  bes t  of two l i n e a r  p o l a r i z a t i o n  ang le s  w a s  determined. The Sea Robin VHF 
antenna w a s  t h e n  switched by command from t h e  van t o  s e l e c t  t h e  b e s t  of t h e  
two p o l a r i z a t i o n  choices  f o r  recept ion .  The buoy was equipped t o  r ece ive  on 
e i t h e r  p o l a r i z a t i o n  and t r ansmi t  on t h e  same o r  t h e  or thogonal  p o l a r i z a t i o n .  

The s i g n a l  was rece ived  i n  t h e  c o n t r o l  van a t  Bermuda, where 

Range measurements had a s tandard  d e v i a t i o n  of approximately 2.4 micro- 
seconds, r ep resen t ing  a ranging p r e c i s i o n  of approximately 1200 f e e t  and a 
l i n e - o f - p o s i t i o n  p r e c i s i o n  f o r  Sea Robin of approximately 1700 f e e t .  D i s t r i -  
bu t ion  of t h e  measurements appears  t o  be Gaussian, sugges t ing  t h a t  averaging 
a number of measurements would improve p rec i s ion .  For example, t h e  average 
of t e n  measurements would improve t h e  l i n e - o f - p o s i t i o n  measurement p r e c i s i o n  
t o  approximately 550 f e e t .  

Accuracy i s  a f f e c t e d  by r e s i d u a l  v a r i a t i o n s  i n  b i a s e s  t h a t  cannot be 
es t imated  f o r  a p a r t i c u l a r  measurement, The l a r g e s t  b i a s  e r r o r  c o n t r i b u t i o n  
f o r  Sea Robin i s  t h e  ionosphere.  Another s i g n i f i c a n t  e r r o r  i s  equipment t i m e  
de lay  change wi th  s i g n a l  amplitude.  The ionosphere and t h e  p a r t i c u l a r  re- 
ceiver type  used i n  t h e  experiment can  each c o n t r i b u t e  several microseconds 
u n c e r t a i n t y  t o  a range measurement. For t h e  Sea Robin tes t s  r e s u l t s  as p re -  
sen ted  here ,  accuracy i s  a l s o  a f f e c t e d  because t h e  buoy i s  f r e e  t o  move ap- 
proximately f 1 m i l e  from t h e  p o s i t i o n  of i t s  mooring. An i n i t i a l  eva lua t ion  
of  l i n e  of  p o s i t i o n  accuracy w a s  made wi th  only a n  estimate of  ionospheric  
b i a s ,  and no c o r r e c t i o n  f o r  r e c e i v e r  t i m e  delay v a r i a t i o n s  o r  a c t u a l  movement 
of  t h e  buoy. Fo r ty - f ive  randomly s e l e c t e d  range measurements made dur ing  a 
twelve-day pe r iod  were each used t o  make a de te rmina t ion  of t h e  l a t i t u d e  of 
Sea Robin. 
n ight t ime measurements are w i t h i n  approximately f 3 /4  m i l e  of t h e  mooring 

A s  shown i n  F igures  8-2 and 8-3 ,  a l l  of  t h e  computed p o s i t i o n s  f o r  
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l a t i t u d e ,  and daytime p o s i t i o n s  wi th in  approximately f 1.5 m i l e s .  Reprocessing 
of t h e  same da ta ,  t a k i n g  i n t o  account a c t u a l  p o s i t i o n s  of Sea Robin, c o r r e c t i o n s  
f o r  r e c e i v e r  de lay  c h a r a c t e r i s t i c s  and more r e f i n e d  estimates of ionospher ic  
b i a s  would probably reveal h ighe r  accuracy than  i n d i c a t e d  by t h e s e  i n i t i a l  re- 
s u l t  s. 

Another set of 93 randomly s e l e c t e d  measurements were used t o  compute 
l i n e s  of p o s i t i o n  f o r  t h e  Sea Robin and are p l o t t e d  as a func t ion  of t i m e  of 
day i n  F igure  8-4. The l a t i t u d e  de te rmina t ions  are shown as t h e  s h o r t  h o r i -  
z o n t a l  l i n e  segments, They are grouped i n  twos and t h r e e s  by v e r t i c a l  l i n e s ,  
each group r ep resen t ing  a measurement made near  t h e  beginning, t h e  middle, 
and t h e  end of a t h r e e  minute i n t e r r o g a t i o n  per iod .  The ionosphere model de- 
s c r i b e d  i n  Appendix I1 w a s  used r a t h e r  t h a n  t h e  c rude  estimates used f o r  
de te rmina t ions  i n  F igures  8-2 and 8-3. The d i u r n a l  v a r i a t i o n  i n  t h e  l a t i t u d e  
de te rmina t ions  suggest t h a t  t h e  ionospher ic  model in t roduces  a c o r r e c t i o n  
which i s  t o o  l a r g e  f o r  t h e  cond i t ions  t h a t  e x i s t e d  dur ing  t h e  A p r i l  14 through 
25 per iod.  

Ranging p r e c i s i o n  was s a t i s f a c t o r y  a t  a l l  rece ived  s i g n a l  l e v e l s  down t o  
t h e  FM d e t e c t i o n  threshold .  However, less than  one-half  of t h e  t o t a l  number 
of i n t e r r o g a t i o n s  r e s u l t e d  i n  c o r r e l a t e d  responses  a t  t h e  Observatory. Th i s  
w a s  expected because of t h e  way t h e  experiment w a s  d e l i b e r a t e l y  designed t o  
r evea l  propagat ion e f f e c t s ,  inc luding  Faraday r o t a t i o n ,  antenna p a t t e r n  lob ing  
due t o  sea r e f l e c t i o n ,  l o s s e s  i n  t h e  propagat ion  pa th ,  and i n t e r f e r i n g  s i g n a l s  
i n  t h e  satel l i te .  Each of t h e s e  e f f e c t s  t ends  t o  reduce s i g n a l  level, 

The Sea Robin d a t a  were recorded and processed as descr ibed  i n  t h e  
Experiment Descr ip t ion ,  Sec t ion  3 .  

1. C. E ,  Mortlock, Jr., "Sea Robin, An Ocean Buoy /Sa te l l i t e  Communications 
Experiment", Paper presented  a t  t h e  American As t ronau t i ca l  Soc ie ty  Meeting, 
Los Cruces,  New Mexico, October 25, 1969. 
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SECTION 9. VAN TESTS 

A Ford Econoline van, F igure  9-1, w a s  equipped wi th  a GE mobile rad io ,  as 
used i n  t a x i  cabs and p o l i c e  cars. A responder u n i t  w a s  connected between t h e  
r e c e i v e r  and t h e  t r a n s m i t t e r .  A Parks  E l e c t r o n i c s  Labora tor ies  p reampl i f i e r  
model 144-1P preceded t h e  receiver. The t r a n s m i t t e r  output  power w a s  80 w a t t s .  
Separa te  d i p o l e  antennas were provided f o r  t h e  receiver and t h e  t r a n s m i t t e r .  
They are  v i s i b l e  as t h e  h o r i z o n t a l  elements near  t h e  f r o n t  of t h e  veh ic l e ,  as 
shown i n  F igure  9-1, 

On March 27, t h e  van w a s  d r iven  from t h e  v i l l a g e  of Manny Corners,  New 
York, northward through t h e  v i l l a g e  of Hagaman, New York, t o  Route 29, t h e n  
eastward on Route 29. 

Range measurements were made through ATS-3 dur ing  t h e  one-hour tes t  
per iod.  The d ipo le  antennas were s e p a r a t e l y  o r i e n t e d  f o r  bes t  s i g n a l s .  

I n  prev ious  mobile r a d i o  ranging tes ts  not u s ing  s a t e l l i t e s ,  it was ob- 
served  Ghat r e f l e c t e d  s i g n a l s  can arrive a t  t h e  r ece iv ing  s t a t i o n  antenna i n  
any phase r e l a t i v e  t o  t h e  d i r e c t  s i g n a l ,  and seve re ly  a f f e c t  t h e  rece ived  
s i g n a l  level., A v e h i c l e  p o s i t i o n  change of only a few f e e t  can r e s u l t  i n  a 
l a r g e  change i n  s i g n a l  amplitude a t  t h e  r ece ive r .  

During t h e  f i r s t  p o r t i o n  of t h e  March 27 s a t e l l i t e  ranging experiment,  
t h e  van was moved i n  s m a l l  increments;  one foo t ,  t hen  two f e e t ,  t hen  four  f e e t ,  
e tc , ,  t o  determine i f  a s i m i l a r  e f f e c t  occurred between t h e  v e h i c l e  and t h e  
satel l i te .  The amplitude change w a s  observed. No e f f e c t s  on range measure- 
ments were observed t h a t  could  not be a t t r i b u t e d  t o  t h e  change i n  r e c e i v e r  
t i m e  de lay  wi th  s i g n a l  amplitude as descr ibed  i n  Sec t ion  4 .  
an  unmodified product ion  u n i t  wi th  a t i m e  de lay  change of approximately 7 
micro seconds wi th  s igna  1 amp lit ude change e 

The r e c e i v e r  w a s  

F igure  9-2 i s  a p l o t  showing every range measurement made during t h e  
March 27 t e s t .  Note t h a t  t h e  o r d i n a t e  scale i s  marked i n  10 microsecond 
s t e p s  r a t h e r  t h a n  1.0 microsecond s t e p s ,  as on some o t h e r  da t a  p l o t s ,  
shape of t h e  d a t a  curve matches t h e  changing range from t h e  s a t e l l i t e  t o  t h e  
vehic le .  Events during t h e  tes t  are marked on t h e  p l o t .  There i s  a change i n  
measured range no t i ceab le  during t h e  f i r s t  p a r t  of t h e  t es t  g r e a t e r  t han  t h e  
movement of t h e  v e h i c l e ,  The change i n  range is due t o  s a t e l l i t e  motion, a n  
e f f e c t  c l e a r l y  n o t i c e a b l e  i n  s imilar  p l o t s  i n  Sec t ion  5,  Gaps i n  t h e  da t a  
occurred because t h e  range measurements were stopped when voice  communications 
were used t o  coord ina te  t h e  experiment. 
t h e  v a r i a t i o n  i n  t h e  t i m e  de lays  through t h e  van and Observatory r ece ive r s .  

The 

S c a t t e r  of t h e  da t a  p o i n t s  inc ludes  

Some of t h e  range measurements were used t o  compute t h e  i n t e r s e c t i o n  of 
The computation included a n  estimate of t h e  l i n e  of p o s i t i o n  wi th  t h e  road., 

t h e  equipment and ionospher ic  t i m e  delays.  A f i r s t  estimate f o r  t h e  de lays  
r e s u l t e d  i n  a b i a s  e r r o r  t o  t h e  south of approximately one and one-half  m i l e s ,  
A new estimate w a s  made t o  p l ace  t h e  f i r s t  l o c a t i o n  a t  Manny Corners,  t hen  t h e  
same equipment and ionospher ic  t i m e  de lays  were used f o r  a l l  t h e  rest of  t h e  
computations. 
map. The a c t u a l  p o s i t i o n s  of t h e  v e h i c l e  are  p l o t t e d  as d o t s  and t h e  p o s i t i o n s  
as determined from t h e  s a t e l l i t e  range measurements are p l o t t e d  as s h o r t  h o r i -  
zon ta l  l i n e  segments. The s a t e l l i t e  w a s  nea r ly  due south  of t h e  area a t  t h e  
t i m e  e 

Figure  9-3 shows t h e  r o u t e  which was t r a c e d  from a topographic  
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SECTION 10. L . E . S . T .  TESTS 

L .E .S .T .  i s  an abbrev ia t ion  f o r  Low Energy Speech Transmission, a t e c h n i -  
que f o r  process ing  and t r a n s m i t t i n g  speech a t  a sav ing  i n  power over  Illore 
f r equen t ly  employed techniques .  The technique,  developed i n  t h e  General  
E l e c t r i c  Rese r ch  and Development Center ,  i s  based on t h e  work of L i c k l i d e r  
and P o l l a c k ( l 7  who showed t h a t  speech, c l ipped  nea r ly  a t  t h e  zero  c r o s s i n g s ,  
i . e .  " i n f i n i t e l y "  c l ipped  speech, i s  h igh ly  i n t e l l i g i b l e .  I n  L.E.S.T., t h e  
input  waveform i s  f i r s t  pre-emphasized by d i f f e r e n t i a t i o n ,  t h e n  i n f i n i t e l y  
c l ipped  and f i n a l l y  a s h o r t  pu l se  i s  genera ted  a t  each ze ro  c ros s ing  of the  
i n f i n i t e l y  c l ipped  waveform. 

The maximum rate  of zero  c ros s ing  p u l s e s  i s  l i m i t e d  by t h e  audio  passband, 
buir s i n c e  t h e  average r a t e  i s  f a r  below t h e  maximum, t h e  duty c y c l e  of  t h e  
t ransmiss ion  i s  very low, approximately 5 percent  dur ing  speech, r e s u l t i n g  i n  
a s i g n i f i c a n t  energy sav ings ,  A t  t h e  r ece iv ing  end, t h e  pu l ses  a re  a p p l i e d  
t o  a b i s t a b l e  m u l t i v i b r a t o r  t o  r e g a i n  t h e  i n f i n i t e l y  c l ipped  waveform of t h e  
o r i g i n a l  speech s i g n a l .  

The f u l l  energy sav ing  i s  accomplished by gene ra t ing  a p u l s e  of RF energy 
a t  each zero c ros s ing  pu l se .  The t r a n s m i t t e r  i s  tu rned  completely o f f  between 
pulses .  I n  t h e  ATS-1 tes t ,  t h e  waveform w a s  s imula ted  by frequency d e v i a t i o n  
r a t h e r  than  keying t h e  sa te l l i t e  t r a n s m i t t e r .  A s  a r e s u l t ,  t h e  energy sav ing  
could not  be d i r e c t l y  demonstrated,  bu t  could  be i n f e r r e d  from t h e  du ty  cyc le .  
Duty cyc le  estimates were based on l a b o r a t o r y  measurements. The ATS-1 tests 
revea led  t h a t  L.E.S.T. waveforms can be t r a n s m i t t e d  wi thout  d i s t o r t i o n  over 
s a t e l l i t e  l i n k s .  

L.E.S.T. equipment developed and cons t ruc t ed  on a previous  program was 
7Jsed i n  t h e  experiments ,  S ince  t h i s  L.E.S.T. equipment was pr i i . l a r i ly  intended 
f c r  use  i n  AM t r ansmiss ion  systems, some mod i f i ca t ions  were necessary  t o  adapt 
it t o  FM. Dual -polar i ty  p u l s e s  were used t o  modulate t h e  carr ier  frequency i n  
an  FSK (frequency s h i f t  key) mode where t h e  carr ier  is  on cont inuous ly  but i s  
s h i f t e d  by t h e  L.E.S.T. pu l se s .  I n  t h e  experiment,  t h e  carr ier  a l s o  a c t e d  t o  
suppress  n o i s e  during pauses  i n  t h e  L.E.S.T. speech. The low energy f e a t u r e s  
of t h e  L.E.S.T. system were s imulated by cons ide r ing  t h e  t i m e  dur ing  which t h e  
c a r r i e r  i s  keyed by t h e  L.E.S.T. p u l s e s  compared wi th  t h e  t o t a l  t i m e  of speech 
t ransmiss ion .  Speech i n t e l l i g i b i l i t y  was eva lua ted  by u s e  of spondaic word 
l i s t s .  These t es t s  are descr ibed  i n  more d e t a i l  l a t e r .  

Under t h e  cond i t ions  of  t h e s e  experiments,  one can  estimate t h e  L.E.S.T. 
sav ings  i n  power t o  be between 24: l  and 4 8 : l  compared wi th  a n  FM system with 
cont inuous carr ier .  
w e l l  s u i t e d  f o r  t r a n s m i t t i n g  narrow L.E.S.T. p u l s e s  (low duty c y c l e ) .  There- 
fo re ,  t h e  power estimates g iven  are  a l i m i t  of  t h e  experiment ofily and f u r t h e r  
sav ings  should be expected i n  a n  optimum L.E.S.T. system, 

However, t h e  equipment used i n  t h e  experiments w a s  not 

Resul t s  of  i n t e l l i g i b i l i t y  t es t s  on t r a n s m i t t e d  L.E.  S.T.  speech us ing  
spondaic word l i s t s  were very  encouraging, Scores  f o r  two groups of l i s t e n e r s  
averaged 9 3 . 3  percent  f o r  in-house t e s t s  without t h e  s a t e l l i t e  l i n k  us ing  a 
t ransponder  and dummy load  i n  t h e  system. The sco res  f o r  t h e  f u l l y  implemented 
experiment u s ing  t h e  l i n k  t o  ATS-1 were 9 6 . 6  percent  f o r  a word l is t  t h a t  was 
f a m i l i a r  t o  t h e  l i s t e n e r s  and 91.5 percent  f o r  an  un fami l i a r  l i s t ,  These t es t s  
i n d i c a t e  t h a t  L.E.S.T. can  be used f o r  vo ice  communications through s a t e l l i t e s  
and t h a t  i n s i g n i f i c a n t  l o s s  i n  i n t e l l i g i b i l i t y  r e s u l t s  from t h e  t ransmiss ion .  
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The L.E.S.T. equipment used i n  t h i s  experiment w a s  loaned by t h e  Company!s 
Space Systems Operation i n  Phi ladelphia .  The L.E.S.T. encoder un i t  i s  a bread- 
board un i t  while t h e  decoder is  a prototype designated #E-012. 
pulses  modulated t h e  RF c a r r i e r  by an amount of P 7.5  kHz about t h e  cen te r  
frequency. Only t h e  duty cyc le  of t h e  L.E.S.T. pu lses  w a s  considered when 
est imat ing t h e  low energy p rope r t i e s  of t h e  system, 

The L.E.S.T.  

Figures 10-1 and 10-2 show t h e  system block diagram and t h e  t y p i c a l  wave- 
forms respec t ive ly  f o r  t h e  L.E.S.T. experiment, Speech input t o  t h e  L.E.S.T. 
encoder was from a microphone o r  a t ape  p l aye r  which contained recordings of 
spondaic word l is ts .  The waveform a t  (A) shows t h e  t y p i c a l  c l ipped speech 
a f t e r  pre-emphasis and c l ipp ing .  
of zero c ross ing  i n  t h e  o r i g i n a l  speech waveform. 

There i s  a vol tage  t r a n s i t i o n  f o r  each point  

Pulses  are produced a t  each t r a n s i t i o n  of t h e  c l ipped  speech waveform - 
a p o s i t i v e  pu l se  fo r  a p o s i t i v e  t r a n s i t i o n  and a negat ive  pulse  fo r  a negat ive 
t r a n s i t i o n ,  a s  shown i n  (B) .  These pulses  a r e  70 microseconds wide and a r e  
used t o  modulate t h e  '149.22 MHz c a r r i e r  of t h e  t r ansmi t t e r .  Thus, t h e  f r e -  
quency out of t h e  t r a n s m i t t e r  would have approximately t h e  s a m e  waveform a s  
shown i n  (C) where frequency devia t ion  would be p l o t t e d  along t h e  ord ina te .  

The re turned  t ransmission a t  135.6 MHz i s  received with t h e  t y p i c a l  wave- 
form out of t h e  FM rece ive r  shown i n  (D) .  The d iscr imina tor  output has a 
waveform s i m i l a r  t o  (B) and (C) because of t h e  l i n e a r  c h a r a c t e r i s t i c s  of t h e  
d iscr imina tor  a s  shown i n  Figure 10-3. 

Because of response l i m i t a t i o n s  i n  t h e  rece iver  and/or t r ansmi t t e r ,  t h e  
width of t h e  pulses  out of t h e  rece iver  are longer than  the  L.E.S.T. pu lses  
t o  t h e  t r ansmi t t e r .  The pulse  width a t  (D) was found t o  be 140 microseconds, 
i nd ica t ing  some bandwidth l i m i t a t i o n  i n  t h e  system. However, t h e  highest  
frequency i n  t h e  speech i s  only 2500 Hz;  thus ,  no se r ious  degradation i n  per -  
formance would be expected from t h e s e  bandwidth l i m i t a t i o n s  i n  t h i s  FM system, 

Waveform (E) shows t h e  rece iver  output a f t e r  r e c t i f i c a t i o n  ( t o  make it 
compatible with t h e  input requirements of t h e  L.E S.T. decoder). The decoder 
conta ins  a f l i p - f l o p  c i r c u i t  which r e tu rns  t h e  waveform a s  shown i n  (F) t o  
t h e  same form as t h e  c l ipped  L.E.S.T. speech (A) .  Some add i t iona l  high f r e -  
quency f i l t e r i n g  i s  done i n  t h e  decoder before  t h e  output i s  recorded. 

Figure 10-4 shows t h e  modif icat ions made t o  t h e  L.E.S.T. equipment t o  
make it compatible with t h e  FM experiment. These modif icat ions cons i s t  of a 
dual  pu lse  forming c i r c u i t  f o r  t h e  output of t h e  encoder and an  ampl i f i e r  and 
r e c t i f i e r  c i r c u i t  f o r  t h e  input  t o  t h e  decoder sec t ion  of t h e  L.E.S.T. equip- 
ment. 

It was noted during e a r l i e r  experiments t h a t  t h e  output of t h e  rece iver  
could be understood by a l i s t e n e r  even though t h e  s i g n a l  a t  t h a t  point  had not 
passed through t h e  L.E.S.T. decoder. For t h i s  reason t h e  output of t h e  re- 
ce ive r  was recorded on a second channel a t  t h e  same time t h e  L.E.S.T. output 
w a s  recorded t o  allow f o r  separa te  tests of i n t e l l i g i b i l i t y  on t h e  two outputs.  
The r e s u l t s ,  t o  be described l a t e r ,  show t h a t  t h e  l e v e l  of i n t e l l i g i b i l i t y  was 
s i g n i f i c a n t l y  higher  out of t,he L.E.S.T. decoder than  out of t h e  r ece ive r  even 
though t h e  r ece ive r  output was c l e a r  enough f o r  most speech t o  be understood. 

The system w a s  operated during t e s t s  i n  one of two modes. The f i r s t  f o r  
in-house t e s t i n g  did not use  the  s a t e l l i t e  l i nk .  During these  tests t h e  
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t r a n s m i t t e r  was connected t o  a dummy load i n s t e a d  of t h e  30 foot d i s h  antenna 
and an  in-house t ransponder  was used t o  convert  from t h e  t ransmi t  t o  t h e  r e -  
ce ive  frequency,  T e s t s  through t h e  s a t e l l i t e  were conducted us ing  t h e  300 
watt  t r a n s m i t t e r  connected t o  t h e  30 foot  diameter  antenna t o  t r ansmi t  t o  ATS-1 
a t  149.22 MHz. A t ransponder  i n  ATS-1 conve r t s  t h e  frequency and t r a n s m i t s  a t  
135.6 MHz. This  r e tu rned  s i g n a l  w a s  rece ived  back a t  t h e  Radio-Optical  Observa- 
t o r y  us ing  two bays of a yag i  antenna.  

L i s t s  of spondaic words were used i n  t h e  experiment t o  a i d  i n  t h e  d e t e r -  
minat ion of t h e  i n t e l l i g i b i l i t y  l e v e l  f o r  L.E. S.T. speech. Spondaic words 
have two s y l l a b l e s  of approximately equa l  emphasis on each s y l l a b l e .  Tape 
record ings  of t h e  L.E.S.T.  spondaic words were played be fo re  two groups of un- 
t r a i n e d  l i s t e n e r s ,  f i v e  persons  p e r  group. These i n t e l l i g i b i l i t y  tests were 
performed i n  a n  anachoic  chamber t o  reduce t h e  l e v e l  of background n o i s e ,  
echoes,  and g e n e r a l  d i s t r a c t i o n s .  The test  i s  more seve re  than  normal speech 
p a t t e r n s  i n  t h a t  consecu t ive  words a re  un re l a t ed .  The l i s t e n e r  e i t h e r  under- 
s t ands  t h e  complete word o r  misunderstands it and both s y l l a b l e s  must be c o r -  
r e c t ,  A s  t h e  tes t  w a s  conducted, t h e  l i s t e n e r s  wrote  e h e v o r d s  on a prepared  
form. 

The tes t s  were d iv ided  i n t o  f i f t y -word  l i s t s .  Th 
r e s u l t e d  from a n  in-house test  us ing  t h e  l o c a l  t r a n s p o  
s a t e l l i t e .  Th i s  t es t  served  t o  f a m i l i a r i z e  t h e  l i s t e n e r s  f f i r s t  t ime 
wi th  t h e  sound of L.E.S.T. and t o  c a l i b r a t e  t h e  performance 
equipment a g a i n s t  s imilar  tes ts  conducted on ea r l i e r  progra  
t h e  l i s t e n e r s  heard a one hundred-word l i s t  r e s u l t i n g  from 
us ing  t h e  l i n k  t o  ATS-1. The f i r s t  f i f t y  words of  t h e  on hundre 
were t h e  same as i n  t h e  f i r s t  t e s t ,  wh i l e  t h e  second f i f t y  
f o r  t h e  f i r s t  t i m e .  For t h i s  reason,  t h e  two groups of  f i f t h  words were 
scored s e p a r a t e l y .  

During t h e  tes ts  wi th  ATS-1 on September 23 ,  1969, some d i f f i c u l t y  was 
experienced i n  t r ansmiss ion  due t o  ionospher ic  e f f e c t s  r e s u l t i n g  i n  ampli tude 
s c i n t i l l a t i o n .  Th i s  caused. some words t o  be l o s t  dur ing  t r ansmiss ion  of t h e  
one hundred-word l i s t .  Three words i n  t h e  f i r s t  f i f t y  and one word i n  t h e  
second f i f t y  were completely l o s t  and were d iscounted  from t h e  tes t .  A l l  
o t h e r  words including some which had ampli tude fad ing  and n o i s e  d i f f i c u l t i e s  
w e r e  counted i n  t h e  t e s t .  

Table  10-1 shows t h e  r e s u l t s  of  t h e  i n t e l l i g i b i l i t y  tes ts .  The numbers 
are  f o r  t h e  percentage  of c o r r e c t  word answers i n  each t e s t ,  Ten of t h e  one 
hundred words used i n  t h e  tests are:  n e c k t i e ,  woodwork, greyhound, bobs led ,  
c a t c a l l ,  browbeat,  playmate,  doormat, c o u r t s h i p ,  and hardware. 

The fol lowing conclus ions  can be drawn from t h e  r e s u l t s  of t h e s e  t e s t s :  

1. 

2 .  

3 .  

The sco res  i n  t h e  c a l i b r a t i o n  t e s t s  number 1 and 3 compare favorably  wi th  
prev ious  t e s t s  f o r  L.E.S.T. speech having sco res  of 90 perceii t  of b e t t e r .  

Only a s l i g h t  l o s s  i n  i n t e l l i g i b i l i t y  r e s u l t e d  i n  t r ansmiss ion  t o  ATS-1 
compared wi th  t h e  l abora to ry  t e s t .  The measured i n t e l l i g i b i l i t y  f o r  t h e  
ATS-1 t e s t  was 91.5 compared t o  94.5 f o r  t h e  l abora to ry  t e s t .  

Although L.E.S.T.  speech i s  unders tandable  d i r e c t l y  out o f  t h e  r e c e i v e r ,  
t h e  l e v e l  of i n t e l l i g i b i l i t y  i s  s i g n i f i c a n t l y  lower t h a n  t h e  decoded 
speech out of t h e  L.E.S.T. equipment. Test  number 4 compared wi th  t es t  
number 2.  
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4 .  I n  both t e s t  number 2 and t e s t  number 4 t h e  scores  were considerably 
higher f o r  t h e  f i r s t  f i f t y  words which were by t h a t  time f ami l i a r  t o  t h e  
l i s t e n e r s .  

The low energy c h a r a c t e r i s t i c s  of t h e  L.E.S.T. experiments can be evalu- 
a t ed  by consider ing t h e  t i m e  during which the  FM c a r r i e r  i s  keyed by the  L.E.S.T. 
pu lses  compared with t h e  t o t a l  t ime of speech t ransmission.  

Pulse  width of L.E.S.T. input t o  t r a n s m i t t e r  (modu1ator)is equal  t o  70 
microseconds. Pulse  width of re turned  L.E.S.T.  out of t h e  r ece ive r  (discr im- 
ina to r )  i s  equal  t o  140 microseconds. 

Average frequency i n  normal speech i s  equal t o  600 Hz, a s  measured i n  
previous s t u d i e s  of L.E.S.T. speech. 

There a r e  two zero c ross ings  per  pu lse ,  o r  an  average of 1200 pulses  per  
second during spoken words. Short gaps i n  forming words and sentences t o t a l  
approximately ha l f  t h e  t i m e  while speaking, and longer pauses occupy about 
one-half t h e  t o t a l  t ime during normal speech so t h a t  t h e  average pulse  r a t e  
during conversat ion is t y p i c a l l y  300 pulses  per second. The pulse  dura t ion  
i n  the  s a t e l l i t e  tests was 140 microseconds. The duty cyc le  i s  thus 

It i s  probable t h a t  t h e  L.E.S.T. pu lses  could have been de tec ted  with 
approximately t h e  same s igna l - to-noise  r a t i o  i f  they  had been t r ansmi t t ed  
by AM r a t h e r  than  t h e  narrow bandwidth FM. The FM noise  improvement with t h e  
small  devia t ion  r a t i o  r e s u l t s  i n  a de t ec to r  output s igna l - to-noise  which is  
approximately t h e  same a s  t h e  input s igna l - to-noise ,  and thus  the  FM i s  
approximately equivalent  t o  AM, suggest ing t h a t  t h e  same r e s u l t  could have 
been a t t a i n e d  wi th  a s a t e l l i t e  having a peak e f f e c t i v e  r ad ia t ed  power of 200 
watts, but an average e . r . p .  of only t e n  watts. 
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SECTION 11. CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

1. 

2. 

3. 

4 .  

5. 

6 .  

7. 

The tes t  r e s u l t s  i n d i c a t e  t h a t  an  accuracy b e t t e r  t h a n  _+ 1 n a u t i c a l  
m i l e ,  1 sigma f o r  s h i p s  and approximately f 1 n a u t i c a l  m i l e ,  1 sigma 
f o r  a i r c r a f t  can  be achieved a t  VHF. 
be necessary  t o  employ c a l i b r a t i o n  t ransponders  a t  f ixed ,  known loca-  
t i o n s  wi th  approximately 600 m i l e  spacing, and i n t e r r o g a t e  each one a 
few t i m e s  p e r  hour t o  determine range measurement c o r r e c t i o n s ,  It i s  
recommended t h a t  c a l i b r a t i o n  of v e h i c l e  equipment t i m e  de lay  be accom- 
p l i s h e d  a t  t h e  ground t e rmina l  by i n t e r r o g a t i n g  each c r a f t  when it i s  
a t  some known loca t ion .  The t i m e  de lay  c a l i b r a t i o n  i s  t h e n  s t o r e d  i n  t h e  
computer with t h e  v e h i c l e  addres s ,  
c r a f t  antennas t h a t  d i sc r imina te  aga ins t  sea r e f l e c t i o n s ,  so t h a t  t h e  
r e f l e c t e d  s i g n a l  i s  more than  10 dB below t h e  d i r e c t  s i g n a l ,  The use  
of c i r c u l a r  p o l a r i z a t i o n  f o r  t h e  sa te l l i t e  and a i r c r a f t  antennas i s  
recommended. 

To achieve  t h a t  accuracy, it w i l l  

It w i l l  be necessary  t o  employ a i r -  

P o s i t i o n  f i x i n g  i s  f e a s i b l e  by simultaneous range measurements from two 
geos t a t iona ry  s a t e l l i t e s  ope ra t ing  on t h e  same frequency. It w a s  demon- 
s t r a t e d  by i n t e r r o g a t i n g  any one of s e v e r a l  u s e r  c r a f t  through one satel-  
l i t e  and r ece iv ing  a response from t h e  addressed u s e r  r e l ayed  through 
both sa te l l i t es ,  

The equipment l i m i t a t i o n  on ranging r e s o l u t i o n  w a s  approximately f 200 
f e e t  (0 .4 microsecond t iming r e s o l u t i o n )  when t h e  bandwidth l i m i t s  were 
l i k e  t h o s e  p r e s e n t l y  used f o r  a i r c r a f t  mobile communications; i .e .  4.0 
kHz f o r  da t a  baseband, and 15 kHz f o r  t h e  r a d i o  frequency spectrum. 

Ranging p r e c i s i o n  f o r  su r face  c r a f t ,  inc luding  VHF t ransmiss ion  l i n k s ,  
w a s  b e t t e r  t han  f 500 f e e t  ( 1 , O  microsecond), one sigma f o r  I F  s i g n a l -  
t o -no i se  r a t i o s  above 10 dB i n  a 15 kHz bandwidth; approximately 1500 
f e e t ,  1 sigma f o r  I F  s i g n a l - t o - n o i s e  r a t i o s  a t  t h e  5 dB FM s i g n a l  de- 
t e c t i o n  th re sho ld ;  and b e t t e r  t han  & 5000 f e e t  f o r  an a i r c r a f t  a t  39,000 
f e e t  over  t h e  North A t l a n t i c  u s ing  a VHF blade  antenna and exper ienc ing  
sea r e f l e c t  i on  mult ipa th .  L 

P o s i t i o n  f i x  p r e c i s i o n  w a s  b e t t e r  t han  1 n a u t i c a l  m i l e ,  1 sigma f o r  a 
sh ip  a t  sea o f f  Galveston, Texas when t h e  antenna w a s  not sh i e lded  from 
a s a t e l l i t e  by t h e  m a s t  o r  o t h e r  s t r u c t u r e s :  When t h e  antenna was 
sh ie lded ,  some i n t e r r o g a t i o n s  d id  not  r e s u l t  i n  responses.  F i x  pre-  
c i s i o n  w a s  reduced t o  approximately 1 n a u t i c a l  m i l e ,  1 sigma, and i n  
t h a t  p a r t i c u l a r  test  t h e  e r r o r s  w e r e  dlong a hyperbol ic  l i n e  of p o s i t i o n .  

P o s i t i o n  f i x  p r e c i s i o n  w a s  approximately 1 n a u t i c a l  m i l e ,  1 sigma f o r  
a i r c r a f t ,  inc luding  f i x e s  made over  water when us ing  a Dorne and Margolin 
Satcom antenna i n  t h e  azimuth mode. 

Line of  p o s i t i o n  accuracy f o r  a buoy moored i n  deep water a t  middle l a t i -  
tudes  w a s  b e t t e r  t h a n  f 1 1 / 2  n a u t i c a l  m i l e s  u s ing  a n  unat tended t r a n s -  
ponder over approximately a two-week per iod ,  inc luding  t h e  e f f e c t s  of 
d i u r n a l  and o t h e r  ionospher ic  de lay  changes, p i t c h  and r o l l  of t h e  buoy, 
and s igna l - to -no i se  r a t i o  v a r i a t i o n  down t o  t h e  d e t e c t i o n  th re sho ld .  AC- 
curacy may be improved t o  b e t t e r  t h a n  f 1 n a u t i c a l  m i l e ,  1 sigma wi th  t h e  
use  of a b e t t e r  d e s c r i p t i o n  of t h e  ionosphere t h a n  w a s  used i n  t h e  tes t .  
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8. Lines of pos i t i on  f o r  a i r c r a f t  a t  j e t  speeds and a l t i t u d e s  over t h e  North 
A t l a n t i c  had a s tandard devia t ion  of approximately f 1 n a u t i c a l  mile 
when using a VHF blade antenna. Ind iv idua l  measurement displacements 
l a r g e r  than  two miles  toward t h e  s u b - s a t e l l i t e  po in t  and four m i l e s  away 
from t h e  s u b - s a t e l l i t e  point  were a t t r i b u t e d  t o  multipath,  

9. Fixes determined by t w o - s a t e l l i t e  ranging a t  VHF agreed with VORTAC f i x e s  
wi th in  f 3 m i l e s  over t h e  midwestern United States. 
f i x e s  are accura te  t o  f 1 n a u t i c a l  m i l e .  

A t  bes t ,  t h e  VORTAC 

10. Successful  range measurements were made on near ly  every in t e r roga t ion  
when t h e  mobile c r a f t  antenna ga in  toward t h e  s a t e l l i t e  was b e t t e r  t han  
approximately 0 dB, t h e  l i n k s  were not degraded by Faraday r o t a t i o n  o r  
s c i n t i l l a t i o n ,  t h e  u s e r  rece iver  no i se  f igu re  w a s  approximately 3.0 dB, 
and t h e  use r  t r a n s m i t t e r  power was approximately 100 w a t t s .  Del ibera te  
t e s t s  f o r  Faraday r o t a t i o n  and low u s e r  antenna d i r e c t i v i t y  toward t h e  
s a t e l l i t e  caused more unsuccessful  i n t e r roga t ions  than would be acceptable  
i n  an opera t iona l  system. C i rcu la r  p o l a r i z a t i o n  f o r  t h e  s a t e l l i t e  and 
use r  antennas and a minimum gain  of 0 dB f o r  t h e  user  antenna may be re- 
quired f o r  an acceptab le  response rate. S c i n t i l l a t i o n  can cause an 
occasional  f a i l u r e  t o  respond, but t h e  drop-outs l a s t  only a few seconds, 
so t h a t  repeated in t e r roga t ions  w i l l  insure  a response wi th in  a shor t  
time per iod.  S c i n t i l l a t i o n  may reduce t h e  response rate, but does not 
otherwise a f f e c t  t h e  usefulness  o r  accuracy of tone-code ranging. Rol l  
of a sh ip  o r  buoy can cause s i g n a l  drop-outs of short  dura t ion  due t o  
antenna p a t t e r n  n u l l s  caused by su r face  r e f l e c t i o n .  The e f f e c t  i s  s i m i -  
l a r  t o  t h a t  of s c i n t i l l a t i o n .  

11. Ranging and p o s i t i o n  f ix ing  a r e  compatible with mobile voice and da ta  com- 
munications. No antenna d ip lexer  i s  required f o r  tone-code ranging, and 
simplex opera t ion  i s  f eas ib l e ,  No modif icat ions a r e  necessary t o  s a t e l -  
l i t e s  designed f o r  re lay ing  mobile communications. 

12 .  Ranging and pos i t i on  f ix ing  measurements f o r  loca t ing  a transponder can 
be made -from a ground te rmina l  through geos ta t ionary  s a t e l l i t e s  wi th in  
one second of t i m e ,  wi th  ranging s i g n a l  t ransmissions sho r t e r  than  one- 
ha l f  second. 

13, Ranging and p o s i t i o n  f ix ing  can be performed with cu r ren t ly  a v a i l a b l e  
mobile r ad io  t r a n s m i t t e r s  and r ece ive r s  with t h e  add i t ion  of an  inexpen- 
s i v e  s o l i d - s t a t e  c i r c u i t ,  al though some rece iver - t ransmi t te rs ,  a s  supplied 
commercially, may have t i m e  delay v a r i a t i o n s  with s i g n a l  l e v e l  o r  tuning 
t h a t  introduce ranging e r r o r s  a s  l a r g e  as seve ra l  thousand f e e t .  The 
time delay v a r i a t i o n s  can be cor rec ted  by c i r c u i t  modif icat ions such a s  
t h e  s u b s t i t u t i o n  of a d i f f e r e n t  l i m i t e r .  

14. Narrow bandwidth VHF u s e r  equipment i n  an unattended buoy moored i n  deep 
ocean r e t a ined  i t s  t i m e  delay c a l i b r a t i o n  without d i sce rn ib l e  change f o r  
s eve ra l  weeks. 

15. Voice t ransmissions using t h e  Low Energy Speech Transmission (L,E.S.T.) 
waveforms were t ransmi t ted  through s a t e l l i t e s  without s i g n i f i c a n t  degrada- 
t i o n  of i n t e l l i g i b i l i t y .  Spondaic word i n t e l l i g i b i l i t y  exceeding 90 per-  
cent w a s  achieved and energy savings of approximately 10 dB over s i n g l e  
sideband suppressed c a r r i e r  a r e  ind ica t ed  by t h e  tes t  r e s u l t s .  
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RECOMMENDATIONS 

1. 

2. 

3.  

4 .  

5. 

T e s t  t h e  use  of c a l i b r a t i o n  s t a t i o n s  t o  monitor propagat ion cond i t ions  
and determine range c o r r e c t i o n s  so t h a t  f i x  accuracy i s  approximately 
t h e  s a m e  as t h e  f i x  p r e c i s i o n .  I n s t a l l  ranging t ransponders  wi th  10 dB 
ga in  h e l i c a l  antennas t o  se rve  as c a l i b r a t i o n  s t a t i o n s  a t  two p o i n t s  a long 
a t r ansocean ic  route .  Fly an  a i r c r a f t  equipped wi th  a ranging t ransponder  
on t h e  rou te ,  Use t h e  f ixed  s t a t i o n  c a l i b r a t i o n  measurements t o  c o r r e c t  
t h e  a i r c r a f t  measurements. Schedule f l i g h t s  t o  inc lude  day-night t r a n s i -  
t i o n s  on t h e  rou te ,  and i f  p o s s i b l e  inc lude  e f f e c t s  of magnetic storms, 

Determine r e l a t i v e  accuracy a t  VHF by monitor ing t h e  p o s i t i o n s  of two 
a i r c r a f t  f l y i n g  a t  a known sepa ra t ion .  

T e s t  long-term performance and c a l i b r a t i o n  s t a b i l i t y  by t h e  u s e  of 
t ransponders  on a sh ip .  Suggested sh ips  are  merchant s h i p s  and weather 
s h i p s  t h a t  s t a y  on s t a t i o n  f o r  t h r e e  week per iods .  An e x c e l l e n t  m e r -  
chant sh ipping  rou te  would be from t h e  w e s t  coas t  t o  t h e  east coas t  by 
way of t h e  Panama Canal. 

T e s t  Performance a t  f a r  no r th  l a t i t u d e s  such as Greenland o r  t h e  North 
s lope  of  Alaska, t o  o b t a i n  s t a t i s t i c a l  d a t a  on performance i n  t h e  
presence of s c i n t i l l a t i o n  and o t h e r  h igh  l a t i t u d e  ionospheric  propagat ion 
e f f e c t s  . 
T e s t  tone-code ranging a t  L-band. It i s  suggested t h a t  ATS-5 can be used 
by r e l a y i n g  i n t e r r o g a t i o n s  and responses  through t h e  sa te l l i t e  during t h e  
t i m e s  when t h e  L-band antenna i s  poin ted  toward t h e  e a r t h .  The tone  f re-  
quency should be increased  t o  t a k e  advantage of t h e  b e t t e r  propagat ion  
a t  L-band, and i n  doing so,  t h e  tone  i n t e r r o g a t i n g  s i g n a l  d u r a t i o n  can be 
reduced t o  be w i t h i n  t h e  du ra t ion  of  t h e  ATS-5 antenna sweep ac ross  t h e  
ea r th .  The i n t e r r o g a t i o n  ra te  can  be synchronized wi th  t h e  s p i n  ra te  of 
t h e  s a t e l l i t e .  
delayed by a known increment t o  synchronize t h e  responses  wi th  t h e  sa te l -  
l i t e .  

With tone-code ranging,  t h e  u s e r  responses  can  a l s o  be 
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SECTION 12. NEW TECHNOLOGY 

There has been no new technology developed on t h i s  con t r ac t .  
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APPENDIX I 

DESCRIPTION OF POSITION DETERMINATION METHOD USED ON 
FLIGHT FROM ATLANTIC CITY TO OMAHA AND RETURN 

This  f l i g h t  i n  a DC-6B a i r c r a f t  (FAA 114) depar ted  on 6/12/69 and re- 
turned  t o  A t l a n t i c  C i t y  on 6/13/69 f o r  purposes of t e s t i n g  t h e  General  Electric 
tone-code responder p o s i t  i on  de te rmina t ion  device.  The responder w a s  i n t e r r o -  
ga ted  r e g u l a r l y  by t h e  General Electric Radio-Optical  Observatory a t  Schenectady, 
N e w  York. 

S ince  no range in s t rumen ta t ion  p o s i t i o n  t r a c k i n g  system was a v a i l a b l e  a long 
t h e  s e l e c t e d  route ,  t h e  fol lowing method of ob ta in ing  r e fe rence  p o s i t i o n s  of t h e  
a i r c r a f t  w a s  devised and used. 

A t i m e  d i s p l a y  w a s  remoted i n t o  t h e  a i r c r a f t  cockpi t  and d r i v e n  from t h e  
d i g i t a l  t i m e  code gene ra to r  a s soc ia t ed  wi th  t h e  p r o j e c t  record ing  equipment, 
t h e  t i m e  code genera tor  having been previous ly  synchronized with WWV. 

C e r t a i n  s t r a t e g i c a l l y  loca t ed  VORTAC nav iga t ion  s t a t i o n s  whose l o c a t i o n s  
coincided w i t h  t h e  r o u t e  t o  be flown were s e l e c t e d  t o  provide simultaneous 
bear ing  and d i s t a n c e  information,  

A q u a l i f i e d  observer  w a s  s t a t i o n e d  i n  t h e  a i r c r a f t  cockpi t  who manually 
recorded bear ing  and d i s t a n c e  versus  rea l  t i m e  provided by t h e  t i m e  code gen- 
erat  o r  remot e readout.  

The t i m e  code gene ra to r  i s  considered t o  be accu ra t e  w i t h i n  mi l l i s econds  
whi le  t h e  d r iven  remote readout ,  as used, has  a reading r e s o l u t i o n  of 1 second. 

It should be noted t h a t  t h e  DME ( d i s t a n c e  measuring equipment) p o r t i o n  of 
t h e  VORTAC system measures s l a n t  range on ly ;  e .g . ,  over t h e  s t a t i o n  t h e  d i s t a n c e  
being measured i s  t h e  a i r c r a f t ' s  a l t i t u d e  i n  n a u t i c a l  m i l e s  a l though t h e  h o r i -  
zon ta l  displacement from t h e  VORTAC s t a t i o n  i s  zero.  Accordingly, t h e  accuracy 
of p o s i t i o n s  der ived  from w i t h i n  approximately 10 m i l e s  of t h e  VORTAC s t a t i o n s  
w i l l  s u f f e r  somewhat from t h i s  " s l a n t  range e f f ec t "  a lone  i n  a d d i t i o n  t o  t h e  
usua l  i naccurac i e s  and b i a s e s  normally encountered when t ak ing  d a t a  i n  t h i s  
manner (humans reading  d i a l s ,  e tc . ) .  I n  t h e  a t t a c h e d  p o s i t i o n  da ta ,  any oc- 
cur rences  descr ibed  as "over  t h e  s t a t ion"  were der ived  by o t h e r  methods of 
observing s t a t i o n  passage and one need not  be concerned wi th  s lan t  range e f -  
f e c t s .  

A f t e r  t h e  a i r c r a f t  r e tu rned  t o  A t l a n t i c  Ci ty ,  t h e  f l i g h t  w a s  r econs t ruc t ed  
on Aeronaut ica l  S e c t i o n a l  Char t s  and t h e  bear ings  and a s s o c i a t e d  d i s t a n c e s  from 
t h e  VORTAC s t a t i o n s  w e r e  reduced t o  L a t i t u d e  and Longitude ( t o  t h e  nea res t  
minute of arc) ve r sus  GMT t i m e  ( t o  t h e  nea res t  second of t ime) .  

A copy of  t h e s e  L a t i t u d e  and Longitude p o s i t i o n s  and t h e  bear ing  and d i s -  
t ance  information from which they were der ived  i s  a t t ached .  
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APPENDIX I1 

MODEL FOR IONOSPHERE CORRECTIONS 

The fol lowing two re fe rences  were used t o  e s t a b l i s h  a model f o r  t h e  e f f e c t s  
of t h e  ionosphere on t h e  ranging e r r o r .  

G. H. Millman, "A Survey of Tropospheric,  Ionospher ic ,  and Ext ra-  
terrestr ia l  E f f e c t s  on Radio Propagat ion Between t h e  Ea r th  and 
Space Vehicles",  General  Electr ic  Company Report TIS R66EMH1, 1966. 

R. W. Lawrence, D. J. Posakony, 0. G a r r i o t t ,  and S. C. H a l l ,  "The 
T o t a l  E lec t ron  Content of t h e  Ionosphere a t  Middle La t i tudes  Near 
t h e  Peak of t h e  S o l a r  Cycle", Jou rna l  of Geophysical Research, 
Volume 68, Number 7 ,  A p r i l  1, 1963, page 1889. 

The f i r s t  r e f e rence  i s  used t o  p r e d i c t  t h e  e f f e c t  of e l e v a t i o n  ang le  and 
t h e  second r e fe rence  t h e  d i u r n a l  e f f e c t  on ranging e r r o r .  

The fol lowing n o t a t i o n  i s  used i n  t h i s  appendix. 

L ine-of -s ight  e l e v a t i o n  ang le  t o  t h e  s a t e l l i t e  

Actual  s l a n t  range 

Measured s l a n t  range 

R - Ra m 
Representa t ive  ionosphere a l t i t u d e ,  say  mean a l t i t u d e  

Local t i m e  (of day) on t h e  l i n e - o f - s i g h t  a t  a l t i t u d e  h 

A func t ion  of t such t h a t  0 < - f ( t )  <_ 1 

Maximum va lue  of A as a func t ion  of E 

Minimum va lue  of A as a func t ion  of E 

The empi r i ca l  model developed i n  t h i s  appendix should be considered a 
p r o v i s i o n a l  "engineer ing  prototype!' s i n c e  no e f f o r t  has  been made t o  account 
f o r  t h e  " thickness"  of t h e  ionosphere o r  t h e  f a c t  t h a t  two f requencies  are 
used i n  t h e  t ransmiss ions .  Assuming an  inve r se  square  frequency e f f e c t ,  t h e  
e f f e c t  of frequency can  e a s i l y  be accounted fo r .  

I n  o rde r  t o  e a s i l y  inco rpora t e  t h e  d a t a  conta ined  i n  t h e  two r e fe rences  
c i t e d  above, t h e  fol lowing model f o r  t h e  range e r r o r  w a s  adopted: 

0 < t < 24 hours - -  where 

max f ( t )  = 1 

min f ( t )  = 0 

a >  1 



Obviously over t h e  range of f ( t )  

= ab Amax = b  Amin 

The f i r s t  reference gives t h e  ionosphere range e r r o r s  g (E) a t  mid- min night (t = 0) and gmax(E) a t  noon (t = 12) as a function of 
angle E. Therefore 

t h e  elevat  ion 

a =  gmax(E) /gmin(E> = nmax/amin 

A s  noted above g (E) and g (E) a r e  inversely proportional t o  frequency. 

The functions g 
min max 

(E) and gmin(E) a r e  shown i n  Figure 11-1. max 

The second reference (Figure 11-1) contains curves showing s i x  diurnal  
i n t e r v a l  e f f e c t s  over various times of t h e  season. These s i x  curves were 
normalized* and sui tably averaged t o  give t h e  diurnal  e f f e c t  shown i n  Figure 
1 1 - 2 ,  

The resu l t ing  empirical equation f o r  t h e  ionosphere e f fec t  i s  

where t h e  proport ional i ty  k can be adjusted t o  account f o r  long-term var ia t ions  
i n  ionosphere a c t i v i t y / i n t e n s i t y .  The procedure for  using t h i s  equation i s  t o  
f i r s t  use t h e  l o c a l  groundtime of day, t h e  l ine-of-s ight  e levat ion angle, E, 
t o  the  s a t e l l i t e  and some mean ionosphere a l t i t u d e  h t o  compute t h e  l o c a l  time 
t a t  the  in te rsec t ion  of t h e  l ine-of-s ight  ray and t h e  mean a l t i t u d e  h. Then 
t h e  range e r r o r  i s  computed by t h e  above equation. 

It should be noted t h a t  t h e  r a t i o  gmax(E)/gmin(E) i d  frequency invariant  

so  t h a t  t h e  above equation could be compensated f o r  frequency by 

where g (E) i s  evaluated f o r  f = f 

* by t h e  equation 

min nom * 

1% (A(t) - 1% (Amin) 

log - 108 (Amin) 
f ( t )  = 
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APPENDIX 111 

M'ULTIPATH ANALYSIS AND MEASUREMENT EQUIPMENT 

This  appendix cons iders  t h e  e f f e c t  of a simple mul t ipa th  d i s t o r t i o n  on a 
s i n u s o i d a l l y  modulated FM s i g n a l .  The d i s t o r t i o n  a n a l y s i s  i s  l i m i t e d  t o  t h e  
de te rmina t ion  of t h e  r e l a t i v e  amplitude and phase of t h e  fundamental component 
i n  t h e  FM de tec t ed  rece ived  s i g n a l .  Range measurements t o  a i r c r a f t  appear  t o  
show mul t ipa th  e f f e c t s  i n  accordance wi th  t h e  a n a l y s i s .  I n  a d d i t i o n  t o  t h e  
a n a l y s i s ,  t h i s  appendix desc r ibes  equipment b u i l t  t o  measure t h e  e f f e c t .  The 
equipment w a s  not  f l i g h t  t e s t e d ,  

Mul t ipa th  Analys is  

The simple mul t ipa th  considered i s  shown i n  F igure  111-1. 

FIGURE 111-1. MULTIPATH 

The a n a l y s i s  begins  by l e t t i n g  

@ cons tan t  (1) 

Then t h e  FM modulated t r a n s m i t t e d  s i g n a l  i s  given 

m g ( t )  = A cos  (wmt + flm) m 

d e f i n e  t h e  CW modulation. 
by 

e r ( t>  = Ac cos  ( w c t  + gC + Y ( t )  ) OC cons t an t  (2) 

where = '!(t) = k f g ( t )  d t  (3) 

so  t h a t  Y ( t )  = 6 s i n  (wmt + flm) ( 4 )  

where kfAm 

m 
6 = -  

w 6 i n  r ad ians  (5) 

4 

A p e r f e c t  d i s c r i m i n a t o r  would de fec t  Y ( t ) ;  i . e . ,  t h e  de t ec t ed  s i g n a l  i n  t h e  
absence of mul t ipa th  would be kdY(t) = kdkfg ( t ) .  
a mul t ipa th  s i g n a l  being r ece ived  s imul taneous ly  wi th  t h e  d i r e c t  path.  
t h e  mul t ipa th  can  be r ep resen ted  by a s imple r e f l e c t i o n  process  w i t h  a c o r r e s -  
ponding r e l a t i v e  ampli tude and t i m e  delay,  t hen  t h e  t o t a l  rece ived  s i g n a l  f: (t)  
before  d e t e c t i o n  i s  

Now cons ider  t h e  e f f e c t  of 
Assuming 
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%(t) = 

S u b s t i t u t i n g  -2 i n t o  -6 y i e l d s  

eT(t) + kTe(t-T) (6) 

a f t e r  some elementary manipulat ion 

where 
Y ( t ) - Y  (t-T)+cucT 

y e )  = 2 Y ( t ) - Y  (t-T)+WcT 
Y( t )+Y(t -T)wcT 2 

2 [ l+k] cos  

o r  equ iva len t ly  } (9) 
s i n  ('f(t)):f k s i n  (Y( t -T)wcT)  

COS (Y(t ) )  -I- k COS (Y(t-T)-wcT) 

Then a n  i d e a l i z e d / p e r f e c t  d i sc r imina to r  would g ive  a de tec t ed  s i g n a l  

= kd y ( t >  (10) 

Noting t h a t  

1 d x  -1 
=- -  d t a n .  X 

d t  1+x2 dt 

and us ing  (9) o b t a i n  

" _ ,  f ( t ) [  l+k cos  (Y(t)-Y(t-T)+wcT)] + i ( t -T)[k2+k cos  ('f(t)-Y(t-T)SwcT)] 
W) = 

l+k2 + 2k cos  ('f ( t ) - Y  (t-T)+wcT) 
(12)  

Note from (8) P r  (9) o r  (12) t h a t  f o r  k = 0 then.? ( t)  = Y (t) and s i m i l a r l y  f o r  
k - r a  , q ( t )  = Y(t-T) and t h a t  f o r  T = 0, v ( t )  = Y (t) which i s  cons i s f en f .  

With Y ( t )  g iven by (4) then  

$(t) = "2 cos  (wmt + Bm) 

Y ( t ) - Y ( t - T )  = 26 s i n  

can  be s u b s t i t u t e d  i n t o  (12) which would y i e l d  a p e r i o d i c  func t ion  of t ,  wi th  
a pe r iod  fm- l ,  t h a t  i n  gene ra l  w i l l  not be s inuso ida l .  
t h i s  r e p o r t ,  i t  i s  d e s i r e d  t o  o b t a i n  t h e  amplitude and phase of t h e  fundamental 
component o f q ( t )  re la t ive t o  t h a t  which would have been rece ived  i n  t h e  ab- 
sence of mul t ipa th ,  

For t h e  a p p l i c a t i o n  of 

It does not  appear  a n a l y t i c a l l y  t r a c t a b l e  t o  o b t a i n  a n  express ion  f o r  t h e  
r e l a t i v e  phase and ampli tude as a func t ion  of k and T,  so  t h a t  numerical  i n t e -  
g r a t i o n  w i l l  be  used t o  o b t a i n  t h e  Four i e r  series in-phase and quadra ture  
fundamental components. 
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It i s  convenient t o  l e t  X = w t + @ and normalize (12) t o  o b t a i n  m m 

[ l+k cos (ARG)] cos  (X) + [ k2+k cos  (ARG)] cos (X-comT) 
e(x) = (15) 

l+k2+2k cos (ARG) 

where 

It 

1. 

2. 

3. 

4. 

5. 

ARG = 26 s i n  

i s  of i n t e r e s t  t o  make t h e  f o l l o s  

For k z 0 

"InT w T  
A) 2 COS ( X  - F) + w c T  

ing observat  ons : 

e (X)  = cos (X) 

For k 5 1 

(17) 

mT w T  
e(X)  = 2 [ c o s  (X) + cos  ( X I U ~ T ) ]  = cos (F) cos  [ X  - 7) 

2 
For l+k +2k cos (ARG) t o  be zero,  a t  some i n s t a n t  of t i m e ,  it i s  neces- 
s a r y  t h a t  k = 1; but t h e n  t h e  preceeding comment (2)  holds .  

For e(X) t 0 f o r  a l l  X it i s  necessary  t h a t  k = 1 and wmT = 2nafa and 
doesn ' t  depend on wcT. 

mT When k = 1 t h e  phase e r r o r  i s  - - 
(See Comment 2 . )  

2 "  

The numerical  procedure f o r  eva lua t ing  t h e  c o e f f i c i e n t s  C and S i n  t h e  1 1 fol lowing F o u r i e r  series w i l l  now be cons idered ,  

e(X) = C1 cos  (X) -I- SI  s i n  (X) + h ighe r  frequency terms 

(19) 

o r  equ iva len t ly  

S 
Q = tan- '  (<J 

and where 

0 

= 7 e ( X )  s i n  X dX s1 Tt 
0 
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where e(X) i s  given by (15) and (16). These i n t e g r a l s  were numerically eval-  
uated using Simpson's r u l e  i n  coqputed programs FMPIIAS and PHAERR. These two 
computer programs w i l l  now be described b r i e f l y ,  

PHAERR (GE MARK I FORTRAN) 

This program computes and p l o t s  t h e  phase s h i f t  e r r o r ,  r e l a t i v e  t o  t h e  
phase which would have been received without any multipath, f o r  both FM and 
AM modulation. 
The program s p e c i f i e s  t h e  frequency devia t ion  r a t i o  6 f  r e l a t i v e  muleipath 
s igna l  s t r eng th  k, t h e  modulating CW frequency f , t h e  carrier frequency f 
and a multipath t i m e  delay TTg. The program lops the phase s h i f t  e r r o r  f g r  
values of multipath T from TT@ t o  TTfl + (fc)-p i n  M i n t e rva l s .  A s  many such 
cases  a s  des i red  can be entered on as many indiv idua l  input data l i n e s .  

(Note AM modulation ana lys i s  has not been discussed herein.)  

m-' 

FMPHAS (GE MARK I1 FORTRAN) 

This program i s  a v a r i a t i o n  of t h e  preceding with t h e  only d i f fe rence  
being t h a t  AM modulation i s  not considered and t h e  second va r i ab le  i s  used 
t o  p lo t  t h e  zero phase a x i s ,  

These programs were used t o  compute t h e  curves presented i n  t h e  descrip- 
t i o n  of mvltipath e f f e c t s  i n  Section 6. 

Mult i pa th  Measuring Equipment 

The multipath measuring equipment was designed f o r  use i n  an  a i r c r a f t  
where it would process a continuous 2,4814 kHz tone s i g n a l  received from a 
s a t e l l i t e  when multipath conditions are expected. 
t i p a t h  e f f e c t  by comparing the phase of t h e  upper sideband with t h e  c a r r i e r ,  
t h e  phase of t h e  lower sideband with the  carrier, and then  summing t h e  two 
r e su l t an t s .  The f i r s t  upper and lower sidqbqnds and t h e  c a r r i e r  are separa te ly  
heterodyned t o  a common frequency, and t h e  phase Cornparisms a r e  made. 
r e s u l t i n g  phase of  t h e  heterodyned lower sidebaqd i s  y ; of t h e  upper sideband, 
y+; and of t h e  c a r r i e r ,  yo. Phase aompgrison of the  heterodyned lower side- 
band and t h e  c a r r i e r  i s  y 
The sum of t h e  two r e s u l t & s  i$ y 
are shown from expanding Equation 27)  and omigting a l l  but t h e  f i r s t  upper an8 
f i r s t  lower sidebands. 

The equipment measures mul- 

The 

- 'a* - yo; of t h e  upper sideband and c a r r i e r ,  y+ 
-5 y, - 2y . The o r ig ins  of y+, y,, an  y 

Equation (7)  may be r ewr i t t en  (omitt ing a l l  t h e  sidebands except t h e  
f i r s t  upper and f i r s t  lower): 

( 6 / 2  ~ l + k 2 + 2 k c o s [ ( L U c + w  m )TI cos([, C +wd t + @ c + @ m + y + )  

2 J1 + k + 2k cos ( w ~ T )  cos (wCt + bC + yo) 
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ampli tude of d i r e c t  s i g n a l  

c a r r i e r  frequency 

car r ie r  phase 

s ideband ampli tude 

modulat ing frequency 

modulating phase 

F igure  111-2A compares t h e  phase changes of  t h e  car r ie r  and t h e  two s i d e -  
bands as t h e  d i f f e r e n c e  i n  pa th  l eng th  changes by one wavelength a t  t h e  r a d i o  
frequency, 

F igure  111-2B d e p i c t s  t h e  r e s u l t s  of t r a n s l a t i n g  t h e  carr ier  and t h e  s i d e -  
bands a l l  t o  t h e  same frequency and t h e n  t ak ing  t h e  phase d i f f e r e n c e  of t h e  
upper s ideband minus t h e  carrier and t h e  lower s ideband minus t h e  carrier. 

The Mul t ipa th  Detec t ion  Equipment designed and cons t ruc t ed  f o r  use  i n  t h e  
experiment combines t h e  s ideband and carr ier  s i g n a l  components t o  produce a 
DC output wi th  t h e  c h a r a c t e r i s t i c  shown as t h e  "Sum of B Curves". The DC 
s i g n a l  can be recorded on a c h a r t  r eco rde r  i n  a n  a i r c r a f t .  Its rates w i l l  
show t h e  ra te  a t  which t h e  a i r c r a f t  pas ses  through d i r e c t -  and r e f l e c t e d - s i g n a l  
p a t h  length  changes of one wavelength. I t s  ampli tude w i l l  show t h e  e f f e c t  of 
t i m e  de lay  and d i r e c t  and r e f l e c t e d  s i g n a l  ampli tude r a t i o .  It i s  expected 
t h a t ,  i n  h o r i z o n t a l  f l i g h t  a j e t  a i r c r a f t  w i l l  pa s s  through a n  RF p a t h  l eng th  
change of one wavelength i n  approximately f i v e  seconds.  The rate w i l l  be 
h ighe r  i f  t h e  a i r c r a f t  i s  cl imbing o r  descending. The ampli tude and pe r iod  of 
t h e  mul t ipa th  s i g n a l  record ing  w i l l  be c o r r e l a t e d  w i t h  t h e  f l u c t u a t i o n s  i n  
range measurement made dur ing  t h e  record ing  pe r iods .  The r e s u l t s  w i l l  be use- 
f u l  f o r  p r e d i c t i n g  and measuring t h e  e f f e c t s  of antenna design,  sea s t a t e ,  
ground conduc t iv i ty ,  a i r c r a f t  motion and o t h e r  f a c t o r s  t h a t  a f f e c t  t h e  magni- 
tude  of t h e  e r r o r  caused by ground r e f l e c t i o n s .  

The Mul t ipa th  Measurement Equipment is shown i n  block diagram form i n  
Figure 111-3. 
ment of y 
i s  taken  to: :Re measGre 09 t h e  mul t ipa th  e f f e c t s .  

Seve ra l  mixing and f i l t e r i t i g  c i r c u i t s  enable  t h e  d i r e c t  measure- 
and y - y , and t h e  sum of t h e s e  phase d i f f e r e n c e s  y, + y ,  - &, 
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FIGURE 111-2 

PHASE CHANGE FOR 360' (W) PATHLENGTH CHANGE, 
DIRECT AND REFLECTED SIGNALS 
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The measurement of y - y w i l l  be d iscussed  t o  i l l u s t r a t e  t h e  ope ra t ion  + 
of t h e  equipment. The rece ive2  s i g n a l  (at t h e  r e c e i v e r  I F  frequency of 455 
kHz) which i s  FM modulated wi th  2.4414 kHz audio i s  f i r s t  heterodyned down t o  
80 kHz by t h e  375 kHz o s c i l l a t o r  and fol lowing mixer. A 10 kHz s i g n a l  wi th  
t h e  same phase as t h e  upper sideband and another  10 kHz s i g n a l  w i th  t h e  same 
phase as t h e  carr ier  are generated.  I n  t h e  gene ra t ion  of t h e  upper sideband 
10 kHz s i g n a l ,  t h e  80 kHz carr ier  p l u s  sidebands are heterodyned a g a i n s t  a 
l o c a l l y  genera ted  72.4414 kHz s i g n a l .  The 72.4414 kHz s i g n a l  i s  obta ined  by 
mixing a l o c a l  2.4414 kHz s i g n a l  wi th  a l o c a l  70 kez s i g n a l  and f i l t e r i n g  t o  
o b t a i n  t h e  upper sideband. 

The r e s u l t  of mixing t h e  l o c a l l y  generated 72.4414 s i g n a l  wi th  t h e  80 
kHz carrier p l u s  sidebands i s  an  audio component a t  10 kHz re ferenced  t o  t h e  
phase of  t h e  s i g n a l  upper sideband and two o t h e r  extraneous audio s i g n a l s  a t  
12.4414 kHz and 7.5586 kHz. The 10 kHz audio s i g n a l  i s  separa ted  from t h e  
extraneous s i g n a l s  by a narrow band f i l t e r .  

A 10 kHz s i g n a l  wi th  t h e  same phase as t h e  car r ie r  i s  genera ted  by mixing 
t h e  80 kHz car r ie r  p l u s  sidebands wi th  a l o c a l  70 kHz s i g n a l .  The r e s u l t  i s  
t h e  10 kRz s i g n a l  p l u s  two extraneous s i g n a l s .  The 10 kHz s i g n a l  i s  f i l t e r e d  
out by a band pass  f i l t e r .  

The 10 kHz upper sideband s i g n a l  i s  then  phase compared t o  t h e  10 kHz 
c a r r i e r  s i g n a l ,  and t h e  r e s u l t  (a t  po in t  A) i s  y, - y o ,  

A s i m i l a r  ope ra t ion  i s  performed wi th  t h e  lower sideband ( a t  80 kHz) and 
t h e  car r ie r  t o  o b t a i n y  - The sum of  t h e s e  two s i g n a l s  i s  taken ,  and t h e  
mult i p a t h  measure y, + y - i s  obta ined  d i r e c t l y .  
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